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Abstract 
Mussels are key organisms in many shallow coastal ecosystems, acting as benthic-
pelagic couplers, providing habitat for other organisms, while their biogeochemical 
functions of improving water clarity and bio- deposition help maintain a healthy 
ecosystem. Despite their abundance and ecological importance, few studies have 
investigated the blue mussel, Mytilus galloprovincialis, in New Zealand. This study aims 
to fill a knowledge gap in this species of crucial information such as investigating the 
reproductive cycle and spawning periods of this species, and determining changes in 
biochemical composition throughout the reproductive cycle. This study compares M. 
galloprovincialis populations from two locations, the entrance of Otago Harbour 
(Aramoana) and Timaru Harbour, enabling spatial variation between M. 
galloprovincialis populations in southern New Zealand to be made.  
The reproductive cycle of M. galloprovincialis was examined over a twelve-month 
period between July 2017 and June 2018 at both Aramoana and Timaru. The reproductive 
cycle was determined by quantifying tissue indices and histological examination of the 
gonad. The reproductive cycles of M. galloprovincialis from Aramoana and Timaru were 
found to be similar, in that spawning was observed in summer. However, a winter 
spawning event was also observed at Aramoana which was not observed at Timaru. This 
observed difference in the reproductive cycle between the two locations is most likely 
due to differences in environmental conditions. Water temperatures and day length were 
very similar at both sites, suggesting that food availability may be playing a significant 
role in the observed differences between the populations.  
Whilst examining the reproductive cycle, biochemical composition of the gonad and 
viscera (all other soft tissues homogenised) was investigated over the same twelve month 
period between July 2017 and June 2018 at both Aramoana and Timaru. Protein, 
carbohydrate, and lipid content were determined for all mussels sampled during the 
twelve month period, enabling spatial and temporal differences to be identified between 
Aramoana and Timaru. Variation in the timing of accumulation and depletion of 
biochemical reserves was observed between the two sites. Carbohydrate content was 
found to be closely linked with observed changes in chlorophyll-a concentration, while 
variation in protein and lipid content was found to be more dependent on the reproductive 
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cycle. The variation in periods of accumulation and depletion of biochemical components 
observed between the two sites, is most likely due to the observed variation in 
chlorophyll-a content between the two locations.   
This study is the first to investigate the reproductive cycle of M. galloprovincialis in 
southern New Zealand, with key differences in the reproductive ecology between M. 
galloprovincialis from Aramoana and Timaru being identified. The observed spatial 
variation in this study highlights the need for more M. galloprovincialis populations to 
be investigated in detail across small spatial scales, enabling effective management 
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Chapter 1 - General Introduction 
 
This thesis examines the reproductive ecology of two southern populations, of the blue 
mussel Mytilus galloprovincialis, at two locations, Aramoana and Timaru, in southern 
New Zealand. While much is known about the reproductive ecology of the species in 
other regions of the world, little information is published on the species in New Zealand. 
This is despite its widespread distribution and high abundances, and its key ecological 
role in the intertidal zone. This research aims to increase our understanding of the species 
in New Zealand, in terms of its reproductive ecology and its nutritional status throughout 
the reproductive cycle. Information gathered from these two populations enables spatial 
comparisons to be made, allowing a greater understanding of M. galloprovincialis 
populations. This information can also contribute to a better understanding of human 
impacts and climate change upon New Zealand populations.  
 
Taxonomy and Distribution  
 
The bivalve M. galloprovincialis (Mytiloida: Mytilidae) Lamarck, 1819 has a 
cosmopolitan distribution throughout the northern and southern hemispheres, due to 
natural processes and accidental and intentional introductions via shipping and 
aquaculture (Fig. 1) (Hilbish et al., 2000; Borsa et al., 2007; Gerard et al., 2008; Kijewski 
et al., 2011). Three species comprise the Mytilus genus; M. galloprovincialis, a southern 
species, Mytilus edulis, a central species, and Mytilus trossulus, a northern brackish water 
species (Oyarzun et al., 2016). Mytilus species readily hybridize, and several important 
hybrid zones exist (Kijewski et al., 2011; De Witte et al., 2014). In the northern 
hemisphere, hybrid zones have been extensively described, including northern Europe 
and the Baltic Sea (Skibinski et al., 1978; Gardner & Skibinski, 1988; Väinölä & 
Hvilsum, 1991; Comesaña et al., 1999; Bierne et al., 2003; Brooks & Farmen, 2013), the 
Pacific and Atlantic coasts of North America (McDonald & Koehn, 1988; Bates & Innes, 
1995; Rawson & Hilbish, 1995; Toro et al., 2004; Elliot et al., 2008), the White Sea 
(Skurikhina et al., 2001), and Japan (Inoue et al., 1997; Brannock et al., 2009; Brannock 
& Hilbish, 2010). In the southern hemisphere, the presence of individual hybrid mussels 
has been reported, but no hybrid zones have been found (Oyarzun et al., 2016). The three 
mytilid species make up the M. edulis species complex, with members of the genus 
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distributed in all continents, except Antarctica, and temperate coastal regions of all main 
seas and ocean basins (Kijewski et al., 2011). It is thought the most basal of the three 
mussels is M. trossulus, with it hypothesised that ~3.5 million years ago M. trossulus 
made a trans-Arctic migration through the Bering Strait into the North Atlantic (Hilbish 
et al., 2000). M. trossulus then likely diverged into two modern Atlantic species: the 
Mediterranean mussel M. galloprovincialis and M. edulis (Hilbish et al., 2000).  
 
Blue mussels in New Zealand are a southern hemisphere lineage of the Mediterranean 
mussel M. galloprovincialis (Gardner et al., 2016; Forrest & Atalah, 2017). DNA 
markers have been used to confirm that M. galloprovincialis is found throughout New 
Zealand, ranging from the Bay of Islands at the top of the North Island, to the bottom of 
the South Island (Westfall & Gardner, 2010). M. galloprovincialis also occur below the  
South Island, in Stewart Island and the sub-Antarctic Auckland Islands (Westfall & 
Gardner, 2010).  
 
 
Figure 1.1 Known geographical distribution of Mytlius galloprovincialis 
(www.aquamaps.org, version of Aug. 2016. Web. Accessed 5 Mar. 2019).  
Despite its abundance and ecological importance, very little is known about M. 
galloprovincialis in New Zealand, with most work on mussel species being conducted 
on the economically important GreenshellÔ mussel, Perna canaliculus (Gardner et al., 
2016). M. galloprovincialis has however, been intensively studied throughout the 
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northern hemisphere. Work in the northern hemisphere on M. galloprovincialis has 
included research on the genetic history, larval development, the reproductive cycle, and 
tolerance ranges to temperature and salinity (Wilson & Seed, 1974; Hrs-Brenko et al., 
1977; His et al., 1989; Villalba, 1995; Cáceres-Martinez & Figueras, 1998; Compton et 
al., 2007; Gérard et al., 2008; Kijewski et al., 2011; Sánchez-Lazo & Martínez-Pita., 
2012; Bhaby et al., 2014; Balbi et al., 2017; Prisco et al, 2017; Ramos, 2017).  
 
Globally, blue mussels are an important species ecologically, thus increasing our 
knowledge of mytilid biology in New Zealand is important. To date, the main focus of 
work completed on blue mussels in New Zealand has been on population genetics, and 
in trying to establish which blue mussel species are found in New Zealand. Only Kennedy 
(1977) and Petes et al., (2007) have investigated the reproductive cycle of a mytilid 
mussel in New Zealand, investigating M. edulis at Taylors Mistake (Hilbish et al., 2000; 
Westfall & Gardner, 2010). However, since molecular work on blue mussels by Westfall 
& Gardner, (2010) showed all blue mussels sampled in New Zealand to be M. 
galloprovincialis, it is highly likely that the studies of Kennedy (1977) and Petes et al., 
(2007) were on M. galloprovincialis. Thus, there is a significant lack of scientific 
literature on M. galloprovincialis in New Zealand, and more specifically, on M. 
galloprovincialis in its southern range in New Zealand. 
 
Knowledge of an organism’s reproductive cycle is critical to understanding many aspects 
of the organism, both physiologically and ecologically. With the current changing 
climate, it is critical to understand how organisms may respond to changes in their local 
environments (Pecl et al., 2017). Several other key aspects of the biology of M. 
galloprovincialis remain unstudied, including changes in nutritional status (condition 
index and proximate composition), and its acclimation to temperature across its 
geographical range.  
 
Economic Importance  
 
Global aquaculture is one of the most important food production methods, comprising 
44.1% of total fishery production in 2014, and is projected to increase to 52% by 2025 
(Monfort, 2014). In recent decades the increasing development of aquaculture has 
become a key economic activity for coastal communities in which it has been established 
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(Monfort, 2014). In 2014, mollusc aquaculture accounted for 22% of total global 
aquaculture production (73.8 million tonnes), with 16.1 million tonnes of molluscs 
produced at a value of USD$19 billion (FAO, 2016).  
 
Cultured mussels dominate the global mussel market, with aquaculture being responsible 
for greater than 90% of the global total landed volume (Monfort, 2014).  Aquaculture of 
mytilid mussels occurs globally, with Europe and Asia being the greatest producers. In 
Asia, China is the biggest mussel producer, producing 845,000 tonnes in 2015 (Mao et 
al., 2019). In Europe, Spain is the biggest producer (200,000 tonnes per annum), 
accounting for 40% of European mussel aquaculture (Monfort, 2014; Froján et al., 2018). 
France (80,000 tonnes per annum) and Italy (65,000 tonnes per annum) are the second 
and third biggest producers accounting for 15% and 12% of the European mussel market 
respectively (Monfort, 2014). Other blue mussel producing countries in Europe include 
Denmark, The Netherlands, Ireland, Germany and Greece (Monfort, 2014). On top of 
this production, in 2012, Europe imported 204,000 tonnes of mussels worth USD$416 
million (Monfort, 2014). The largest mussel producer in the southern hemisphere, and 
the fourth largest in the world is Chile, producing 64,000 tonnes, worth USD$189 million 
in 2014 (Monfort, 2014, Gonzalez-Poblete et al., 2018). Blue mussel aquaculture also 
provides a significant number of jobs for people in local economies, with M. 
galloprovincialis aquaculture in NW Spain providing employment for 9,000 people 
directly, and 20,000 people indirectly (Froján et al., 2018).  
 
In New Zealand, blue mussels have significant negative impacts upon GreenshellÔ 
mussel aquaculture. Removal of blue mussels from mussel farms costs mussel farmers 
millions of dollars per annum (Forrest & Atalah, 2017). Bio-fouling of blue mussels 
prevents spat of GreenshellÔ mussels from settling on mussel lines, and in some cases, 
blue mussels settle in such great densities that the GreenshellÔ mussel spat is displaced 
completely (Atalah et al., 2017; Forrest & Atalah, 2017). Furthermore, excessive weight 
on the mussel lines due to blue mussels also has a significant negative economic impact, 
as these lines have to be lifted from the water and the blue mussels removed from the 
lines either by hand sorting or size grading (Atalah et al., 2017; Forrest & Atalah, 2017). 
The annual economic loss caused by blue mussels in Marlborough, the biggest mussel 
producing region in New Zealand, is on average USD$11.4 million (range $8.0 to $15.4 
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million) (Forrest & Atalah, 2017). When impacts on seed-stock supply are taken into 
account, the annual economic loss is estimated at USD$16.4 million (Forrest & Atalah, 
2017). Greater understanding of blue mussel ecology could enable GreenshellÔ mussel 
farmers to better protect against the impacts of blue mussels. Furthermore, future 
commercial production of blue mussels could be possible, and so increasing our 




Mussels are key organisms in shallow coastal ecosystems, with functional roles in both 
shelf and intertidal environments (Board et al., 2010; Cole et al., 2011). Mussels are 
considered to be bioengineers as they provide structural habitat that has a large impact 
upon the ecosystem temporally and spatially, and have a significant influence on many 
ecosystem processes and services (Buschbaum et al., 2008; Board et al., 2010; Cole et 
al., 2011). Pelagic-benthic couplers, such as mussels, are crucial to maintaining a healthy 
ecosystem through improving water clarity and bio-deposition (Buschbaum et al., 2008; 
Board et al., 2010).  Additionally, mussel beds supply high amounts of nutrients to the 
overlying water column, promoting primary productivity (Grall & Chavaud, 2002). Thus, 
nutrient cycling, sedimentation, and the resuspension of particulate organic matter are 
influenced by suspension feeders such as mussels (Grall & Chavaud, 2002). In marine 
ecosystems, organisms which create habitat, such as mussels, are important to the health 
of the ecosystem, but populations of these organisms are prone to fragmentation as a 
result of anthropogenic and natural disturbances (Cole et al., 2011). It is problematic 
when populations of bioengineers become highly fragmented, as smaller populations are 
more likely to go extinct (Hanski, 1998; Cole et al., 2011). Additionally, declines in 
bioengineers could have negative impacts upon local ecosystems as they control critical 
system processes, the structural complexity of the habitat, and enhance local biomass 
(Cole et al., 2011). If bioengineers are lost, changes in the biodiversity of habitats, such 
as the rocky shore, will occur due to the loss of the habitat they provide and other taxa 
will replace them in the environment (Hanski, 1998; Cole et al., 2011).  
 
Observed and predicted climatic changes for the 21st century are comparable in 
magnitude to those observed over the past 65 million years (Pecl et al., 2017). It is 
estimated that 84% of the total heating of earth systems over the past 40 years has gone 
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into global ocean warming, with the average temperature of upper ocean layers having 
increased by 0.6°C over the past 100 years (Hoegh-Guldberg & Bruno, 2010; 
Poloczanska et al., 2013). Increasing air temperatures are of concern to many intertidal 
organisms which are exposed to the air as the tide recedes, with an average atmospheric 
warming of 0.85°C being observed since 1880 (Hoegh-Guldberg & Bruno, 2010; Pecl et 
al., 2017). Despite numerous agreements to reduce greenhouse gas emissions, the climate 
will continue to change for at least the next several hundred years, due to the inertia of 
oceanic and atmospheric circulation systems, with species continuing to react often with 
unpredictable responses (Pecl et al., 2017). Expected changes to the physical 
environment as a result of climate change include increasing sea and air temperatures, 
global sea level rise, changes to oceanic circulation systems, and an increase in the 
frequency and intensity of storms globally (Petes et al., 2007). Increasing temperatures 
can also drive community level changes in an ecosystem when one or more key 
organisms in that ecosystem become significantly impacted (Harley et al., 2006). In 
coastal ecosystems, rising sea levels coupled with increasing temperatures will be 
influential factors, with the main consequence of this being upward shifts in species 
distributions (Harley et al., 2006).  
 
Climate change has already impacted the geographical distribution of aquatic and 
terrestrial organisms and has increased the risk of local extinction for many species 
(Carpenter et al., 2008; Poertner, 2008; Wiens, 2016; Pecl et al., 2017). Coastal marine 
ecosystems are among the most ecologically and socio-economically important systems 
in the world, and due to this global importance, should be a major area of focus for 
potential responses to anthropogenic climate change (Harley et al., 2006). Sea surface 
temperatures around New Zealand are estimated to increase by 2 to 4°C this century, 
with an increase in sea surface temperature being the most immediate effect of climate 
change at a global ocean scale (Vezzulli et al., 2012). Air temperatures are predicted to 
increase by 2-3°C by 2100 (Hansen et al., 2006). The predicted warming combined with 
elevated carbon dioxide levels will result in a cascade of chemical and physical changes 
globally, having widespread impacts on the structure and functions of ecosystems 
worldwide (Stachowicz et al., 2002; Harley et al., 2006). 
 
Temperature affects many physiological processes, such as the formation of proteins, 
membrane fluidity and organ function (Somero, 2002; Harley et al., 2006). These factors, 
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considering many organisms are already living in environments close to their thermal 
limits, can have significant negative impacts on the performance and survival of marine 
organisms (Harley et al., 2006).  The ability to cope with broad tolerances may have 
significant implications regarding climate change (Dutton, 2009). Euryhaline species 
may be better suited and at an advantage to withstanding the future impacts of climate 
change than other species (Dutton, 2009). As changes in the environment start to occur, 
species that are unable to cope with a range of environmental conditions will be more 
sensitive to competition, as they will face greater physiological challenges. Conversely, 
biotic or physiological constraints which were once restricting the distribution of 
invaders, may be released, creating new opportunities for invasions (Dutton, 2009).  
 
Marine ecosystems are expected to respond to changes in the mean wind fields and 
increasing extreme wind events (Harley et al., 2006). The increase in extreme wind 
events, coupled with the associated storm waves have clear implications for intertidal 
and shallow subtidal systems that are vulnerable to hydrodynamic disturbance (Harley et 
al., 2006; Schiel et al., 2016). Changes in wind velocities will also likely have significant 
influences upon upwelling, and thus nutrient availability, to many coastal marine 
ecosystems (Harley et al., 2006; Desbiolles et al., 2016). Coupled with these factors, 
marine systems are mainly dominated by organisms with planktonic life history stages, 
such as mussels, which are often highly sensitive to changes in coastal oceanographic 
pressures (Harley et al., 2006; Przeslawski et al., 2008). Changes in these coastal 
oceanographic processes, such as an increase in upwelling strength, could prevent a 
species from maintaining a benthic adult population, having a highly detrimental impact 
upon many species (Harley et al., 2006).  
 
Impacts of Climate Change on Invertebrates  
 
The majority of marine organisms have a life cycle composed of distinct life history 
stages (egg, larvae, juvenile, and adult). Most marine invertebrates have pelagic larval 
stages that exist in the water column, ranging in duration from hours to months, until 
they undergo metamorphosis and settle onto the seafloor (Przeslawski et al., 2008). 
Commonly, each of these life history stages require different habitat types, and because 
of this, organisms are dependent upon spatially separated habitats throughout their 
lifecycle (Freitas et al., 2010). The reproductive success of marine invertebrates is highly 
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dependent upon the synchronicity between the organism and its environment, as 
organisms need to be synchronised with their environment to ensure reproductive success 
(Lawrence & Soame, 2004). For many invertebrates, this synchronisation is moderated 
by external cues such as temperature and photoperiod (Cáceres-Martı́nez & Figueras., 
1998; Gibbon et al., 2001; Lawrence & Soame, 2004). These environmental cues are 
critical in ensuring that offspring have the greatest chance of survival by developing at 
the most advantageous time of the year, such as when food supply is at its most abundant 
(Lawrence & Soame, 2004). Global warming is likely to have a large impact on the 
reproductive biology of organisms and their energy budgets, as changing environmental 
conditions could drive changes in resource allocation to factors such as reproduction and 
growth (Sydeman et al., 2015; Lesser, 2016; Bolotov et al., 2018). Clear patterns exist in 
the reproductive biology of many marine species, whereby reproductive timing is the 
least restricted in the tropics, and becomes more restricted with increasing latitudes 
(Bauer, 1992). Temperature is known to affect the timing of reproduction, with evidence 
suggesting that warming temperatures will have large impacts on the fecundity of tropical 
invertebrates (Przeslawski et al., 2008). However, increasing temperatures will have the 
greatest influence on the timing of reproduction at higher latitudes as the conditions 
required for spawning will occur more often, resulting in increases in spawning season 
duration (Kirby et al., 2007). Furthermore, increasing carbon dioxide levels in ocean 
surface waters could potentially lower the metabolic rate of some benthic invertebrates 
due to acidosis, which can result in negative impacts on feeding, growth and reproduction 
(Przeslawski et al., 2008).  
 
Through the many different impacts of climate change, invertebrate populations around 
the world are in decline and at further risk. For example, cockle (Cerastoderma edule) 
and clam (Limecola balthica) populations in the Wadden Sea have been declining in 
recent decades, with significant repeated failures in recruitment thought to be the primary 
driver (Beukema et al., 2015; Beukema et al., 2017). In the Gulf of Maine, blue mussels 
(M. edulis) have declined by ~60% since monitoring began in 1970, resulting in the 
species richness of the ecosystem declining (Sorte et al., 2016). Similarly, significant 
declines have been observed in the pearl mussel (Margaritifera margaritifera) 
throughout Europe due to low reproductive success for the last 30-50 years (Bolotov et 
al., 2018). Bivalves account for a significant share of total biomass and production in 
many coastal ecosystems, with variability in their abundances having impacts on their 
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predators and local economies (Waldeck & Larrson, 2013; Beukema et al., 2015). 
Periods of low recruitment of bivalve populations can have significant negative impacts 
upon predators such as bivalve-eating birds (e.g. oystercatchers, sea ducks, and eiders), 
with a lack of food resulting in the potential for birds to die of starvation (Waldeck & 
Larrson, 2013; Beukema et al., 2015).  
 
Variability in bivalve recruitment appears to be highly dependent upon climate, as 
physiology and environmental conditions regulate recruitment success and larval 
duration of many marine invertebrates (Przeslawski et al., 2008; Beukema et al., 2015). 
It is also important when considering the impacts of climate change to acknowledge that 
species which inhabit a wide geographical range may have specific population 
adaptations to local environmental conditions (Freitas et al., 2010). This could result in 
climate change affecting populations of the same species in significantly different ways. 
A possible response of mytilid mussels to changing local environmental conditions are 
range shifts resulting in hybridized populations. Several mytilid hybrid zones are known 
around the world, such as in Japan, the United Kingdom, coastal Europe, the west 
Atlantic, the west coast of the USA and the Baltic Sea (Suchanek et al., 1997; Rawson et 
al., 1999; Gilg & Hilbish, 2003; Bierne et al., 2003; Braby & Somero, 2006). One of the 
largest mytilid hybridisation zones, the California hybrid zone, is found between 
Monterey and Cape Mendocino on the west coast of the USA (Braby & Somero, 2006). 
Other hybrid zones, such as the United Kingdom and continental Europe are known to 
have occurred due to secondary contact over geological timescales. However, the 
California hybrid zone is relatively new, with its formation only occurring in recent 
decades (Braby & Somaro, 2006). M.galloprovincialis and M. trossulus comprise the 
California hybrid zone, with their relative abundances varying dependent on location 
(Braby & Somaro, 2006). These observed distribution patterns within the zone are 
thought to be driven primarily by temperature (Braby & Somaro, 2006). M. 
galloprovincialis are known to have a competitive advantage over M. trossulus, as they 
are better able to cope with a wide range of temperatures (Lockwood & Somero, 2011). 
However, a substantial southward reduction in the range of M. galloprovincialis in the 
California hybrid zone has been observed in recent decades, which is correlated with a 
cool phase of the Pacific Decadal Oscillation (Hilbish et al., 2010; Lockwood & Somero, 
2011). This further supports the consensus of temperature being the primary driver of 
mytilid mussel distribution. With climate change, these changing spatial distributions of 
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mytilid populations will become more frequent and must be considered when predicting 




There is a significant lack of knowledge surrounding the ecology of M. galloprovincialis 
populations in New Zealand, and more specifically knowledge about their reproductive 
ecology and biochemical composition, despite it being a key species in the intertidal 
zone. The aim of this study is to detail the reproductive ecology and changes in the 
nutritional status of M. galloprovincialis throughout the reproductive cycle in southern 
New Zealand. Additionally, this study investigates two southern locations, Aramoana 
and Timaru, allowing a greater understanding of spatial variability of M. 
galloprovincialis reproductive ecology. Greater knowledge of these factors could have 
economic benefits for GreenshellÔ mussel farming operations in New Zealand, which 
are currently trying to mitigate the significant negative economic impacts of blue mussels 
on their farms. Furthermore, with climate change known to have significant implications 
for the reproductive ecology of many marine organisms, this study will help to better 
understand the implications of climate change for M. galloprovincialis populations in 
New Zealand.  
 
The specific aims are: 
 
(i) To investigate gonadal development and to establish the reproductive cycle 
of M. galloprovincialis in southern New Zealand. This forms the basis of the 
study, with knowledge of any organism’s reproductive cycle being pivotal in 
understanding its ecology.  
(ii) To investigate changes in the nutritional status of M. galloprovincialis in 
southern New Zealand throughout its reproductive cycle. 
 
Together, these results will significantly improve the current understanding of M. 
galloprovincialis reproductive ecology in southern New Zealand. For bivalves with 
similar habitats, this study has implications in terms of understanding and managing these 
species.  
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Chapter 2 - Reproduction of two Mytilus galloprovincialis 




The reproduction of bivalves is well-documented, with the majority of research focusing 
on describing gametogenesis and larval development. The reproductive biology of 
Mytilus galloprovincialis and other mytilid mussels has been investigated in numerous 
regions around the world. Mytilid mussels are known to have differences in the timing 
of spawning within and between species. Mytilus trossulus, a northern brackish water 
species, has been found to exhibit both seasonal and opportunistic spawning strategies 
(Kautsky, 1982; Thompson, 1984; Blanchard & Feder, 1997). Mytilus edulis, a central 
species, has been found to exhibit different seasonal spawning cycles between 
populations, with some populations spawning once per year and some spawning twice 
(Kennedy, 1977; Lowe et al., 1982; Villalba, 1995; Toro et al., 2002). M. 
galloprovincialis, a southern species, has also been found to exhibit differences in 
seasonal spawning patterns between populations, with differences in the number of 
spawns per year and the timing of these spawns (Da Ros et al., 1985; Suaréz et al., 2005; 
Prisco et al., 2017; Ramos, 2017). Some M. galloprovincialis populations have also been 
found to completely lack a defined spawning period (Ramos, 2017). Coupled with 
spawning seasonality are clear differences in the length of spawning periods, both 
between and within species. M. trossulus have been found to have prolonged spawning 
events of up to three months, with M. edulis and M. galloprovincialis being found to have 
highly restricted spawning periods of two to three weeks and prolonged spawning periods 
up to three months (Kennedy, 1977; Lowe et al., 1982; Da Ros et al., 1985; Toro et al., 
2002; Suaréz et al., 2005; Prisco et al., 2017; Ramos, 2017).  
 
Two mussel species in the order Mytiloida dominate the New Zealand rocky shore 
environment, the blue mussel M. galloprovincialis, and the green lipped mussel Perna 
canaliculus (Kennedy, 1977; Petes et al., 2007). The main body of work investigating 
reproduction in New Zealand mussels has focused on the economically important P. 
canaliculus, with very few studies being conducted on M. galloprovincialis (Kennedy, 
1977; Alfaro et al., 2001; Buchanan, 2001; Petes et al., 2007).   
 
Chapter 2   
 12 
Previous studies have confirmed that exogenous and endogenous factors regulate the 
reproductive cycles of bivalves such as mussels (Cáceres-Martı́nez & Figueras, 1998). 
The most important environmental factors controlling the reproductive cycle are 
temperature, food availability, salinity and photoperiod, with secondarily important 
factors being hormonal cycles, nutrient reserves and genotype (Cáceres-Martı́nez & 
Figueras, 1998; Gibbon et al., 2001). Differences in reproductive cycles are attributed to 
one or a number of these variables (Cáceres-Martı́nez & Figueras, 1998; Orban et al., 
2002; Gadomski & Lamare, 2015). Spawning episodes have been associated with 
changes in temperature, salinity and light (Gadomski & Lamare, 2015). Lande (1973) 
found that in colder waters, a short reproductive period is common. Conversely, it is 
known that in warmer waters a wider reproductive period can occur in mussel 
populations (Cáceres-Martı́nez & Figueras, 1998). Furthermore, it is known that all these 
factors influence mytilid mussels, with temperature and food availability thought to be 
the two most important (Cáceres-Martı́nez & Figueras, 1998; Domìnguez et al., 2010; 
Bhaby et al., 2014; Thyrring et al., 2017).  
 
It cannot be assumed that the reproductive cycle of M. galloprovincialis is the same 
between locations, due to the differences observed between populations around the 
world. The spawning variability of mytilid mussels shown by previous studies indicates 
that the timing of reproduction is highly variable, both within and between mytilid 
species. Thus, in order to understand the reproductive cycle of M. galloprovincialis 
populations in New Zealand, a detailed study must be conducted on New Zealand 
populations. Furthermore, better understanding of the influence of environmental factors 
such as temperature, chlorophyll, and photoperiod coupled with a comprehensive 
understanding of the reproductive cycle can also provide insight into how climate change 
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Objectives 
The primary objective of this chapter is to establish the reproductive cycle over one 
annual cycle of M. galloprovincialis from two locations in southern New Zealand. The 
secondary objective of this chapter is to investigate spatial differences in reproduction of 
M. galloprovincialis between two southern New Zealand populations. This will be 
achieved through the following aims: 
 
§ Determine spatial variation in the spawning periods of M. galloprovincialis in 
southern New Zealand throughout a twelve-month period.  
§ Determine spatial variation in the seasonal gametogenic development of M. 
galloprovincialis throughout a twelve-month period.  
§ Determine spatial variation in the influence of chlorophyll-a concentrations and 
ambient temperature on the reproductive cycle of M. galloprovincialis throughout 
























Study Sites and Animal Collection 
Two study sites, “Aramoana” (45.7787° S, 170.7037° E), and “Timaru” (44.3905° S, 
171.2498° E) were sampled once a month between July 2017 and June 2018 (Figs. 2.1 
& 2.2). Thirty individuals (≥ 20 mm in shell length) were collected randomly from each 
site, within an area of 800 m2 on each visit, ensuring that for each, there was no damage 
to the shell and that the mussel was completely enclosed. Temperature was measured at 
each site using the Grizley Products ™ AZ8371 temperature probe at the time of 
sampling and five 2L water samples were taken from the study site for later chlorophyll-
a analysis, using the spectrophotometric methods of Jeffery & Humphry (1975) 
(Appendix I). Individual mussels were stored in cold conditions inside a portable cooler 
bin and returned to Portobello Marine Laboratory where they were kept in aerated 
flowing seawater, until being dissected within 48 hours. A HOBO pendant temperature 
logger was placed at each site from August 2017 to July 2018. To establish the 
environmental temperature that the mussels were exposed to, the loggers were placed at 
a tidal height equivalent to the mean mussel distribution.  
 



















Figure 2.1 Top: Map of the South Island, New Zealand, showing the location of the two 
study sites, Aramoana (45.7787° S, 170.7037° E) (A) and Timaru (44.3905° S, 171.2498° 
E) (B). Map insert: New Zealand. Bottom: Satellite images of study sites: Aramoana (A) 
and Timaru (B). Arrows represent sampling locations.   




Figure 2.2 Photos of sampling locations. Left: Aramoana, Right: Timaru. Blue mussels 
are found throughout these rocky areas, particularly in the cracks and gaps between rocks. 
Dissections 
Twenty of the 30 mussels collected were dissected each month with the exception of 
October (18), November (17), December (13), and April (18) for Aramoana, and 
February (17) for Timaru. The 10 remaining mussels collected provided a buffer against 
infection from the pea crab Pinnotheres novaezelandiae. Where P. novaezelandiae were 
present, the mussel was not dissected and was discarded from the analysis. For months 
with less than 20 samples, the presence of  P. novaezelandiae was greater than the 10 
mussels collected as a buffer. Live individuals were dried with a paper towel and opened 
slightly to let the water drain from the mantle cavity, with total drained weight (MDW) 
measured to the nearest 0.01g. The animals were then dissected, and the combined weight 
of the visceral mass, gonad, mantle, gills and adductor muscles was determined as a 
measure of the total soft tissue weight (MST) to the nearest 0.01g. A portion of gonad 
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tissue was taken from the organism and immediately fixed in Bouins Fluid for later 
histological analysis. Using these weights, the condition index was calculated as:  
 
Condition Index (%) = [Total Soft Tissue (MST) / Total Drained Weight (MDW)] x 100  
 
and the gonad index was calculated as: 
 
Gonad Index (%) = [Gonad (G) / Total Soft Tissue (MST)] x 100 
 
Histological Preparation 
A portion of gonad tissue was taken from the organism and immediately fixed in Bouins 
Fluid. Later, the gonadal tissue was placed in a tissue cassette and dehydrated via an 
ethanol series. Gonads were then embedded in Paraplast (Leica) wax, sectioned at 5 µm 
thickness and placed onto chrome alum gelatine coated slides. Sections were stained 
using Mayer’s haematoxylin, and counterstained with eosin then mounted using DPX 
Mountant. 
 
Determination of Sex and Reproductive Stage 
Mounted gonad sections were photographed using a compound microscope fitted with a 
colour view camera, controlled by the software package AnalySIS LS (Olympus 
Corporation). Individuals were classified into six developmental stages: early 
development, late development, ripe, spawned, spent and resting according to Abdel-
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Table 2.1 Description of reproductive stages assigned to female and male Mytilus 
galloprovincialis gonad sections. Abbreviations refer to Figures 2.5 and 2.6. 
Histological characteristics of six gonadal stages in Mytilus galloprovincialis  
 





Early developing stage Small sized tubules are contained in the 
testis. Spermatogonia (Spg) are residing in 
the follicle wall (Fw). Few spermatocytes 
(Spc) are observed.  
The follicle wall (Fw) is thick and contains 
many protogonia (Pg). Numerous pre-
vitellogenic oocytes (Po) are attached to the 
follicle wall by broad cytoplasmic bases. 
Late developing stage  A gradual increase in tubule size is observed 
with cysts at different stages of 
spermatogenesis filling most of the 
testicular lobes. Spermatogonia which will 
develop into spermatocytes slowly fill up 
the lumen of the follicle. Spermatocytes and 
spermatids (Spt) also fill the follicle lumen. 
The follicle wall becomes thinner with 
Spermatocytes being attached to the follicle 
wall and are condensed into a band beneath 
the spermatogonia. 
 
Yolk deposition starts to occur, and the 
follicle walls are less dense with a greater 
number of vitellogenic oocytes (Vo) being 
present which are larger, and more pear 
shaped. 
Ripe stage  Seminiferous tubules (St) increase in 
diameter and can become filled with cysts of 
germ cells at all spermatogenic stages. 
Spermatids have developed to spermatozoa 
(Spz) with free active tails. Spermatozoa 
with greater numbers of spermatids can be 
seen in the centre of the lumen.  
 
The follicle wall is swollen and more 
rounded. Vitellogenic oocytes are rounded 
and at their largest accumulating in the 
lumen of the follicle. Some pre-vitellogenic 
oocytes may still be attached to the follicle 
wall. 
Spawning stage  The maximum width of the testicular 
tubules is obtained. Follicle size is 
increasing with spermatozoa increasing in 
number, resulting in spawning. Some 
spermatozoa have been released with the 
central lumen appearing to be empty. Some 
resorptive phagocyte cells may appear. 
 
The lumen (Lm) is gradually filled by the 
free vitellogenic oocytes and the follicle 
wall is then broken. Pressure imposed on 
the follicle wall gives the ova a 
characteristic polygonal shape 
Spent stage  Spermatogenic activity has almost totally 
ceased, with an increase in the interlobular 
space of the connective tissue. Unreleased 
spermatozoa may remain in the lumen. 
Pockets of spermatids may be present in 
shrunken follicles. Can still be recognised as 
a male by the presence of unresorbed 
gametes.  
 
The follicle walls are thin and have reduced, 
however not all are empty, with some pre-
vitellogenic oocytes remaining attached to 
the follicle wall. Some vitellogenic oocytes 
may remain in the lumen.  
Resting stage  Sex cannot be identified, and the gonad is 
inactive. Only connective tissue is 
observed. 
 
The gonad is inactive after spawning, with 
connective tissue being in a degenerative 
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Statistical Analyses  
The sex-ratios of M. galloprovincialis from the two sites (months pooled) were tested 
using the X2 test. Differences in gonad and condition indices (box-cox transformed) 
among months at each site were tested using a two-way ANOVA. Where significant (α 
= 0.05) interactions between the two factors occurred, a one-way ANOVA, with month 
as factor, was carried out. Significant pairwise differences were identified using a 
Tukey’s post hoc test. Levene and Shapiro tests were used to test for homogeneity of 
variance and normality of the gonad and condition indices (Warton & Hui, 2011). 
Differences in oocyte size between months were tested using a one-way ANOVA with 
Levene and Shapiro tests used to test for homogeneity of variance and normality (Warton 



























Sex Ratio  
There was no significant difference in the ratio of males to females (208 Males: 255 
Females) for twelve months pooled from both sites, despite a bias towards females (Table 
2.2). In addition, there was no significant difference in the ratio of males to females for 
months pooled at each of the two sites, despite a bias towards females at both sites (Table 
2.2).  
 
Table 2.2. Number and ratio of male (M) and female (F) Mytilus galloprovincialis 
collected from Aramoana and Timaru from July 2017 to June 2018. X2-values of the 
comparison between the observed sex ratio and an expected 1:1 (M:F) sex ratio are 
indicated for each population for the pooled populations. P-values are based on 1 degree 
of freedom.  













Timaru  98 139 0.71 6.36 0.85 
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Condition Indices  
The mean condition index of across the twelve months ranged between 18% and 24.9% 
for sexes combined and between 18.2% and 27.5% for males and 17.8% and 23.7% for 
females at Aramoana (Fig. 2.3). At Timaru, the condition index ranged between 21.2% 
and 27.9% for sexes combined and between 21% and 32.8% for males and 20% and 
26.8% for females (Fig. 2.3). A two-way ANOVA indicated that there is no significant 
difference in condition index between sexes (F(1,225) = 1.48, p = 0.22) across all months 
(Sex x Month, F(11,225) = 0.56, p = 0.86) at Aramoana. Conversely, a significant difference 
in condition indexes between sexes (F(1,236) = 10.72, p = 0.001 ) was found at Timaru, 
however this did not depend upon the month of collection (Sex x Month, F(11,236) = 0.79, 
p = 0.65). When sexes were pooled there was a significant difference in the condition 
index among months at both Aramoana (F(11,225) = 4.43, p = <0.001) and Timaru (F(11,236) 
= 4.14, p = <0.001). Tukey’s post hoc comparison of means indicates that at Aramoana, 
the condition index in October (18%) is significantly lower than all other months and at 
Timaru, the condition index in May (27.5%) is significantly higher than all other months 
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Figure 2.3 Change in the mean condition index for male, female and samples pooled for 
Mytilus galloprovincialis, from Aramoana (top) and Timaru (bottom) sites between July 
2017 and June 2018. Standard errors are given with significant pairwise differences being 
indicated by lower case lettering (α = 0.05). Error bars show ± 1 standard error. 
Aramoana; N (males) = 110, N (females) = 116, N (pooled) = 226. Timaru; N (males) = 
98, N (females) = 139, N (pooled) = 237. Error bars for males and females were omitted 
for clarity. 
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Gametogenic Cycle  
The mean gonad index across the twelve months ranged between 17.4% and 31.1% for 
sexes combined and between 22% and 35.3% for males and 18.6% and 31.3% for females 
at Aramoana (Fig. 2.4). At Timaru, the gonad index ranged between 22.7% and 35.4% 
for sexes combined and between 20.5% and 40.6% for males and 23.3% and 33.1% for 
females (Fig. 2.4). A two-way ANOVA indicated that there is no significant difference 
in the gonad index between sexes (F(1,225) = 1.80, p = 0.18) across all months (Sex x 
Month, F(11,236) = 0.98, p = 0.47) at Aramoana (Fig. 2.4). Conversely, a significant 
difference in the gonad index between sexes (F(1,236) = 20.17, p = <0.001) was found at 
Timaru, however this did not depend upon the month of collection (Sex x Month, 
F(11,236) = 0.63, p = 0.80) (Fig. 2.4). When sexes were pooled there was a significant 
difference in the gonad index among months at both Aramoana (F(11,225) = 4.73, p = 
<0.001) and Timaru (F(11,236) = 4.13, p = <0.001). Tukey’s post hoc comparison of means 
indicates that at Aramoana, the gonad index in August (17.4%) is significantly lower than 
all other months and at Timaru, the gonad index in May (27.5%) is significantly higher 
and that the gonad indices in May (35.3%), November (34.7%), and March (33.3%) are 
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Figure 2.4 Change in the mean gonad index for male, female and samples pooled for 
Mytilus galloprovincialis, from Aramoana (top) and Timaru (bottom) sites between July 
2017 and June 2018. Standard errors are given with significant pairwise differences being 
indicated by lower case lettering (α = 0.05). Error bars show ± 1 standard error. 
Aramoana; N (males) = 110, N (females) = 116, N (pooled) = 226. Timaru; N (males) = 
98, N (females) = 139, N (pooled) = 237. Error bars for males and females were omitted 
for clarity. 
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Figure 2.5 Histological sections of female Mytilus galloprovincialis gonads. Early 
Developing Stage (A), Late Developing Stage (B), Ripe Stage (C), Spawning Stage (D), 































Chapter 2   
 26 
Figure 2.6 Histological sections of male Mytilus galloprovincialis gonads. Early 
Developing Stage (A), Late Developing Stage (B), Ripe Stage (C), Spawning Stage (D), 





























 St  Spz 
 Spz 
Chapter 2   
 27 
Histological examination of oogenic stages between July 2017 and June 2018 of females 
collected from Aramoana showed that ripe individuals were present from August to 
February, with the greatest proportion of ripe females being present in October (55.6%) 
(Fig. 2.7). A small proportion of ripe females was observed in February (25%), with 
February being followed by a period between March and July when no ripe females were 
observed (Fig. 2.7). Spawning females were observed between October and March with 
the greatest proportion being observed in December (42.9%), and the smallest proportion 
being observed in March (8.3%) (Fig. 2.7). The greatest proportion of developing 
females (early and late development) were observed between April and July, with the 
greatest proportion of developing females being observed in July (87.5%) (Fig. 2.7). No 
ripe or spawning females were observed in the period with the greatest proportion of 
developing females between April and July (Fig. 2.7). For females collected from 
Timaru, ripe females were present from July to December with the greatest proportion of 
ripe females being observed in October (66.6%) (Fig. 2.8). Spawning females were 
observed from October to January and in March, with the greatest proportion of spawning 
females being observed in November (38.5%) (Fig. 2.8). Spent females were observed 
from November to June with the greatest proportion being observed in February (88.8%) 
(Fig. 2.8). The greatest proportion of developing females (early and late development) 
was observed in June (84.5%), with no ripe or spawning stages being present in this 
month (Fig. 2.8).   
 
For males collected from Aramoana, histological examination showed that ripe 
individuals were present in all months except February and May, with the greatest 
proportion of ripe males being present in November (71.4%) (Fig. 2.7). Spawning males 
were only observed in June (8.3%) and August (13.3%), with spent males also only being 
present in August (13.3%) (Fig. 2.7). Developing (early and late development) males 
were observed in all months, with the greatest proportion of developing males being 
observed in May (100%) and the smallest proportion being observed in November 
(28.6%) (Fig. 2.7). For males collected from Timaru, ripe individuals were observed from 
July to March, with the greatest proportion of ripe individuals being observed in 
December (63.6%) (Fig. 2.8). Spawning males were observed in all months except for 
January, June, and July, with the greatest proportion being observed in February (50%) 
(Fig. 2.8). Spent males were observed in January, February, March and May, with the 
greatest proportion being observed in February (25%) (Fig. 2.8).  Developing (early and 
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late development) males were observed in all months with the greatest proportion being 
observed in June (100%) (Fig. 2.8).  
 
Oocyte Size and Frequency 
Little variation was observed in oocyte size-frequency distributions over the sampling 
period. The size-frequency distribution for Aramoana samples remained consistent 
throughout the year, with the exception of August (Fig. 2.9), when a reduction in the 
number of oocytes between 40 – 50 μm was observed compared to all other months (Fig. 
2.9). Similar results were found for Timaru samples, with the pattern of oocyte size 
frequency distributions remaining consistent throughout the year, with the exception of 
April and May (Fig. 2.10). In April and May, a reduction in the number of oocytes 
between 40 – 50 μm was observed compared to all other months (Fig. 2.10).  
 
Over the sampling period, the mean oocyte size varied significantly among months for 
both Aramoana and Timaru. For Aramoana, a one-way ANOVA indicated a significant 
difference in mean oocyte size among months (F(11,3671) = 60.23, p = <0.001). Mean 
oocyte size ranged between 28.7 μm in January and 35.2 μm in July. Mean oocyte size 
increased between January and July with the exception of a slight decrease observed in 
March. A decline in size was observed from July (35.2 μm) to September (29.9 μm) 
followed by an increase between September and October (33.4 μm) (Fig. 2.11). 
Following this increase, mean oocyte size again decreased between October and January. 
Tukey’s post hoc tests indicated that mean oocyte size in July (35.2 μm) was significantly 
greater than all other months (Fig. 2.11). For Timaru, a one-way ANOVA indicated a 
significant difference in mean oocyte size among months (F(11,3994) = 14.22, p = <0.001). 
The minimum mean oocyte size was greater for Timaru than Aramoana, however the 
maximum mean oocyte size was less, with mean oocyte size ranging between 30.4 μm 
in December to 33.1 μm in September (Fig. 2.11). An overall decrease was observed 
between September and December; however, a less prominent seasonal trend was 
observed between months compared to Aramoana as indicated by the smaller difference 
between the mean monthly minimum and maximum values (Fig. 2.11). Tukey’s post hoc 
test indicated that mean oocyte size in September (33.1 μm) was significantly greater 
than in all other months (Fig. 2.11).  
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Figure 2.7 Monthly changes in percentage of male (top) and female (bottom) Mytilus 
galloprovincialis from Aramoana in each of six gametogenic stages between July 2017 
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Figure 2.8. Monthly changes in percentage of male (top) and female (bottom) Mytilus 
galloprovincialis from Timaru in each of six gametogenic stages between July 2017 to 
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 Figure 2.9. Monthly oocyte size-frequency distributions for Mytilus galloprovincialis 
from Aramoana between July 2017 and June 2018. n = number of females sampled / 
number of oocytes measured on each sampling date.  
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Figure 2.10. Monthly oocyte size-frequency distributions for Mytilus galloprovincialis 
from Timaru between July 2017 and June 2018. n = number of females sampled / number 
of oocytes measured on each sampling date.  
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Figure 2.11 Mean monthly oocyte size for Mytilus galloprovincialis from Aramoana and 
Timaru between July 2017 and June 2018. Error bars show ± 1 standard error. 
 
Environmental Conditions 
Measured sea surface temperature ranged from 9°C in June 2017 to 18.5°C in January 
2018 at Aramoana and 8.3°C in June 2018 and July 2017 to 20.1°C in January 2018 at 
Timaru (Fig. 2.12). Mean environmental temperature was found to be the lowest in July 
and the highest in January for both Aramoana (9.3°C – 18.3°C) and Timaru (8.0°C – 
19.1°C), with Timaru having the greatest temperature range (Fig. 2.13). Environmental 
temperature was found to be slightly more extreme in Timaru with the lowest and highest 
recorded temperatures being 2.0°C and 36.9°C respectively, between August 2017 and 
July 2018 (Fig. 2.13). Aramoana had a similar environmental temperature profile, but it 
was not as extreme with the lowest and highest recorded temperatures being 3.4°C and 
33.2°C respectively, between August 2017 and July 2018 (Fig. 2.13). Measured 
chlorophyll-a concentrations ranged from 0.5 µg/L in July 2017 to 2.8 µg/L in October 
2017 at Aramoana and from 0.8 µg/L in October 2017 to 6.8 µg/L in February 2018 at 
Timaru (Fig. 2.14). Aramoana and Timaru have very similar mean day lengths each 
month ranging between 8.5 – 15.4 hours for Aramoana and 8.6 and 15.3 hours for Timaru 
(Fig. 2.14).  
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Figure 2.12 Water temperature (°C) measured at point of sampling from July 2017 to 
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Figure 2.13 Mean environmental monthly temperature for Aramoana (top) and Timaru 
(bottom) between July 2017 and June 2018. The high and low data points denote the 
highest and lowest observed temperatures for Aramoana (top) and Timaru (bottom) 
between July 2017 and June 2018. 
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Figure 2.14 Top: Mean chlorophyll-a concentration (μg/L) at the time of sampling 
between July 2017 and June 2018 at Aramoana and Timaru. Bottom: Mean monthly day 









Gametogenic Cycle  
The reproductive biology of M. galloprovincialis and other mytilid mussels has been 
widely investigated globally, but few previous comprehensive studies exist for New 
Zealand (Table 2.2). Investigations by Kautsky (1982) and Thompson (1984) of the 
reproductive cycle of Mytilus trossulus in the Baltic Sea, Newfoundland and British 
Columbia, found that M. trossulus demonstrate an opportunistic reproductive strategy. 
Conversely, Blanchard & Feder (1997) investigated M. trossulus in Port Valdez, Alaska, 
and found that they demonstrated more seasonal patterns, with gametogenesis occurring 
throughout the winter and spawning in summer. Toro et al. (2002) also found that in 
Newfoundland, M. trossulus had an extended spawning period which lasted between 12-
15 weeks. Additionally, they recovered from spawning slower than M. edulis, which had 
a spawning period of 2-3 weeks in summer. Kennedy, (1977) found that M. edulis had a 
restricted period of time in which spawning occurred, consistent with the findings of Toro 
et al. (2002). Investigations on M. galloprovincialis have shown different spawning 
patterns in different parts of the world. Lowe et al. (1982) found that M. galloprovincialis 
had prolonged spawning periods which occurred over several months throughout spring 
and summer. Suaréz et al. (2005) found similar reproductive cycles in north-west Spain 
for M. galloprovincialis with spawning occurring in spring and early-summer. However, 
variation in the reproductive cycles of M. galloprovincialis does occur, with Da Ros et 
al. (1985) observing a spawning event in late-winter as well as in summer. Prisco et al. 
(2017) observed male M. galloprovincialis in the Bay of Naples spawning in late-winter 
and spring, and a complete absence of spawning in summer. Conversely, Ramos (2017) 
observed no defined spawning period in two M. galloprovincialis populations on the 
Algarve Coast. In the present study, the reproductive biology of M. galloprovincialis was 
examined over one complete reproductive cycle of twelve months at two locations, 
Aramoana and Timaru, spatially separated by 198 km, in southern New Zealand. The 
observed gametogenic cycles were found to be similar with one significant key difference 
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Table 2.2 Summary of observed spawning periods of the present study and previous 
studies investigating the reproductive cycle of both male and female mytilid mussels. 
Species Author(s) Location Observed Spawning Period 
Mytilus trossulus Blanchard and Feder, 1997 Port Valdez, Alaska Summer 
Mytilus trossulus Toro et al., 2002 Newfoundland, Canada Late-Spring, Summer, Early-Autumn 
Mytilus edulis Kautsky, 1982 Baltic Sea Summer 
Mytilus edulis Lowe et al., 1982 Wales, United Kingdom Spring, Summer, Autumn 
Mytilus edulis Thompson, 1984 Newfoundland, Canada Summer 
Mytilus edulis Kennedy, 1997 Taylors Mistake, New Zealand Spring, Summer 
Mytilus edulis Toro et al., 2002 Newfoundland, Canada Summer 
Mytilus galloprovincialis De Ros et al., 1985 Venice Lagoon, Adriatic Sea Autumn, Winter, Summer 
Mytilus galloprovincialis Villalba, 1995 Galicia, Spain Spring, Summer 
Mytilus galloprovincialis Suárez et al., 2005 Ria de Vigo, Spain Spring, Summer 
Mytilus galloprovincialis Prisco et al., 2017 Bay of Naples, Italy Late-Summer, Autumn, Winter 
Mytilus galloprovincialis Ramos, 2017 Algarve Coast, Portugal No Defined Spawning Period 
Mytilus galloprovincialis Present Study  Aramoana, New Zealand   Winter, Summer 
Mytilus galloprovincialis Present Study  Timaru, New Zealand Summer  
 
The gametogenic cycle of the two locations was found to be different, with evidence of 
a winter spawning pulse occurring at Aramoana which is not observed at Timaru. In this 
study, a spawning event was defined by a decrease in the gonad index combined with 
individuals in spawning, spent and resting stages (Table 2.1) being identified through 
histological analysis in that month. A significant decrease in gonad index for August is 
observed in the Aramoana population, coupled with spawning, spent and resting 
individuals being observed in this month. No significant decreases in gonad index are 
observed in winter months in the Timaru population. However, in August, spawning 
individuals were present with spent and resting stages being absent, suggesting this was 
not an actual spawning event.  Furthermore, oocyte size frequencies and monthly oocyte 
mean sizes provide further evidence for the presence of a winter spawning event at 
Aramoana. Size frequency distributions were similar throughout the reproductive cycle 
at both locations. However, at Aramoana, a decrease was observed in the frequency of 
larger oocytes between 40 – 50 μm in August, further supporting the presence of a winter 
spawning period. This decrease was not observed in the Timaru population. Additionally, 
at Aramoana, the mean oocyte size in July was found to be significantly greater than in 
all other months, indicating that the oocytes were developed and ready to be spawned. 
This pattern was not observed in the Timaru population with September being found to 
have the greatest mean monthly size, further supporting the lack of a winter spawning 
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event at Timaru. During this study, spawning occurred in late-winter and summer, and 
exclusively in summer at Aramoana and Timaru, respectively. These findings are 
consistent with previous studies on the reproduction of mytilid mussels, with Suaréz et 
al. (2005) observing M. galloprovincialis spawning in spring and summer in north-west 
Spain. Additionally, Da Ros et al. (1985) observed spawning occurring in late-winter and 
summer in Venice.  
 
Histological examination of gametogenesis indicated that ripe females were present for 
a greater portion of the year than ripe males at Aramoana, with the opposite being 
observed at Timaru. Similar spawning periods were identified for females at both 
locations; however, these similarities were not observed in males, with spawning males 
being much less prominent throughout the year at Aramoana than Timaru.  Developing 
male and females were found to be present for the majority of the year at both locations, 
with months in late-autumn and early-winter being found to only have individuals in 
developing stages. These observed variations of gametogenesis between both locations, 
further reinforce that M. galloprovincialis from Aramoana and Timaru have different 
reproductive cycles 
 
Condition Indices  
Condition indices have been widely used in assessing the reproductive cycles in many 
bivalve species (Filguera et al., 2013). The condition index is known to be the most 
sensitive to changes in reproductive development of an organism and is generally 
correlated well with the gonad index and chlorophyll-a concentration (Lucas & Beninger, 
1985; Ojea et al., 2004; Yildiz et al., 2006; Mladineo et al., 2007; Peharda et al., 2007). 
Condition indices have also been suggested as a way to quickly assess the reproductive 
state of aquaculture broodstock in aquaculture operations (Gribben et al., 2001). Previous 
studies conducted on bivalves and more specifically, on mussels, investigating the 
condition indices over the course of an organism’s reproductive cycle, have found that 
condition indices start to decrease in spring (Peharda et al., 2007; Bhaby et al., 2014). 
Peharda et al. (2007) found that for M. galloprovincialis, the highest condition indices 
observed are between 25% and 30% in late-autumn and throughout winter, due to the 
development of gametes over this period. The condition indices observed in this study 
follow trends similar to those observed in previous studies conducted on mytilid mussels 
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and more specifically M. galloprovincialis. The greatest condition indices were observed 
in winter followed by a subsequent decline in spring at both sites consistent with the 
findings of Peharda et al. (2007) and Bhaby et al. (2014). Some studies have been unable 
to consistently correlate the condition index with changes in gonad index and with 
spawning events (Gadomski & Lamare, 2015). Similarly, in this study, the condition 
index does not consistently correlate with changes in the gonad index and spawning 
events. During the spring and summer months, changes observed in the condition index 
at both sites are consistent with changes in the gonad index. It has been suggested that 
poor correlation between the gonad and condition indices could result from simultaneous 
changes in gonad tissue, somatic tissue, and shell throughout the course of the 
reproductive cycle (Gadomski & Lamare, 2015). It is possible that these factors have 
contributed to the lack of correlation between the Aramoana gonad and condition indices 
observed in August.  
 
Spatial and Temporal Variation  
Intertidal species are known, on spatial and temporal scales, to show high levels of 
phenotypic plasticity and local adaptation (Thyrring et al., 2017). Aramoana and Timaru 
are separated by 198 km and 1° of latitude, with Timaru being the more northern of the 
two sites. Temperature and food availability are most likely the two most important 
environmental variables controlling the timing of gametogenesis, with additional factors 
such as nutritional state, hormonal status, phenotype and day length also having an 
impact on the timing of gametogenesis (Kennedy, 1977; Cáceres-Martínez & Figueras., 
1998; Gibbon et al., 2001). However, these factors may not operate in a similar fashion 
between locations, giving rise to spatial and temporal variability. Latitudinal variation in 
gametogenesis is observed in a large number of bivalve species and is known to be the 
result of numerous environmental factors, primarily water temperature and food 
availability (Gadomski & Lamare, 2015).  
 
Changes in water temperature are widely known as important environmental cues for 
spawning in many species of bivalves, including mussel species (Kennedy, 1977). For 
example, Gribben (2005) has related reproductive cycles of bivalves to the sea 
temperature and Kennedy (1977) found that mytilid mussels initiate gametogenesis as 
the water temperature starts to decrease, with spawning linked to increasing sea water 
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temperatures observed in spring. From water temperature measurements taken during 
sampling, the water temperature at Timaru ranged between 8.3°C and 20.1°C, and with 
water temperatures at Aramoana ranging between 9°C and 18.5°C. However, the water 
temperature at both sites followed the same trend with temperatures being the coldest in 
July and the warmest in January. Spatial variation in gametogenesis could occur between 
Aramoana and Timaru due to differences in timing of the increases and decreases in 
water temperature. In particular, variation could occur due to greater water temperatures 
in summer and lower water temperatures in winter at Timaru. Whilst water temperature 
plays a critical role in the timing of gametogenesis, a much less considered aspect is the 
combined role of air and water temperature. Mussel species and many other intertidal 
organisms spend a significant amount of time outside of the water exposed to the air. 
However, no studies to my knowledge have ever investigated how the ‘environmental 
temperature’ impacts upon the timings of gametogenesis. In this study, the environmental 
temperature was investigated by placing a temperature data logger in the intertidal 
environment within the mussel beds, having it exposed to the air at low tide and having 
it submerged in the water at high tide. This gave a more accurate representation of the 
temperatures which the mussels were being subjected to throughout a gametogenic cycle. 
Minimum and maximum environmental temperatures were slightly more extreme at 
Timaru (4.9°C - 36.9°C) compared to Aramoana (5.3°C - 33.2°C). As expected, the 
extreme temperatures recorded were air temperatures showing that mussels encounter 
more extreme temperatures when exposed to the air. Whilst the temperature variation is 
greater at Timaru, this variation is not much greater than that at Aramoana. The 
differences between reproductive cycles observed in this study do not appear to be 
directly caused by changing temperatures as the temperatures at both sites remained 
similar throughout the year. 
 
Food availability is also an important environmental factor in relation to spawning, with 
changes in chlorophyll-a concentrations being linked to reproductive cycles and 
condition indices for many bivalves. Thyrring et al. (2017) suggests that if food 
availability is unsuitable for larval development, individuals that are ready to spawn will 
not, and may instead reabsorb their gametes and utilise the energy in winter. Chlorophyll-
a concentrations are known to be low during the winter and early-spring as the day 
lengths are short and the water temperatures are low (Gong et al., 2003). As the sea 
temperatures start to increase throughout spring, coupled with an increase in day length, 
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the chlorophyll-a concentration increases. The greatest chlorophyll-a concentrations 
occur in spring when the water temperatures and day lengths are increasing (Gong et al., 
2003). Chlorophyll-a concentrations were found to be between 0.49 and 2.66 µg/L at 
Aramoana and 0.8 and 6.7 µg/L at Timaru over the 12 months. The greatest chlorophyll 
concentration was seen in February in Timaru, during a dinoflagellate bloom which 
lasted for several days in the nearshore waters surrounding Timaru (Williams, 2018). 
This bloom event appears to have caused a late spawning event in summer at Timaru. A 
significant increase was observed in the gonad index between February and March, 
coupled with a slight increase in the condition index between February and March. This 
was then followed by a decrease in the gonad and condition indices between March and 
April, suggesting that a late spawning event may have occurred as a result of this bloom 
event. To further support this, the same trend was not seen at Aramoana over this period, 
with no increase in the gonad or condition indices being observed.   
 
Day length is known to be a factor which influences the reproductive cycle of bivalves; 
however, few studies have examined this in detail (Gadomski & Lamare, 2015). Seasonal 
changes in day length are much greater in southern locations, with this being especially 
true for New Zealand (Gadomski & Lamare, 2015). Comparing Aramoana and Timaru, 
Aramoana is further south than Timaru and greater variation in day length is seen at 
Aramoana. However, due to the two sites only being separated by 1° of latitude, the 
variation in day length between the two sites is minimal. Greater variation in day length 
occurs at Aramoana with mean monthly day length ranging from 8.5 -15.4 hours, 
compared to Timaru which has a mean monthly day length ranging from 8.6 - 15.3 hours. 
Due to the variation in day length being near-identical between the two sites, it is highly 





In conclusion, the observed reproductive cycles of M. galloprovincialis populations from 
Aramoana and Timaru were found to be similar but exhibited one key difference. Both 
populations were observed spawning in summer, consistent with spawning cycles in 
other parts of the world. However, a key difference was found between the two 
populations with a winter spawning event being observed at Aramoana which was absent 
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at Timaru. This observed difference between the reproductive cycles is most likely due 
to differences in environmental conditions. As temperature and day length are similar at 
both sites, it is more likely that food availability has played a significant role in the 
differences observed. However, further investigations with a significant focus on food 
availability throughout the reproductive cycle are required to gain a greater insight into 
the observed difference between the two locations.  
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Chapter 3 - Seasonal variation in the biochemical 
composition of Mytilus galloprovincialis in southern New 
Zealand 
 
Introduction   
 
Many studies have investigated seasonal changes in the biochemical composition of 
marine bivalves (Dare & Edwards, 1975; Okumus & Stirling, 1998; Karayücel et al., 
2015; Azpeitia et al. 2016). The cycles of nutrient storage in bivalves are well-known to 
be linked to the reproductive cycle of the organism, food availability and water 
temperature (Beninger & Lucas, 1984; Okumus & Stirling, 1998; Mladineo et al., 2007; 
Fernàndez et al., 2015; Azpeitia et al., 2016; Nie et al., 2016; Gallardi et al., 2017). 
Biochemical energy is stored in response to the ability of the organism to convert 
environmental energy into biologically available units for periods of increased synthetic 
activity such as growth, reproduction, and times of varying environmental food supply 
(Celik et al., 2012). Generally, prior to gametogenesis, whilst food is abundant, energy 
is stored in the form of carbohydrates, proteins, and lipids (Celik et al., 2012; Nie et al., 
2016). During the production of gametes, these energy stores are utilised as the metabolic 
demands of the organism increase (Nie et al., 2016).  
 
In bivalves, lipids have two key roles in metabolism: to store energy in the form of 
triacylglycerols and to serve as membrane components in the form of phospholipids (Nie 
et al., 2016). Mussels are known to have a low lipid content (Fernàndez et al., 2015; 
Gallardi et al., 2017).  Lipids provide a high energy yield and have high concentrations 
of nutritionally valuable omega-3 polyunsaturated fatty acids, eicosapentaenoic acid and 
docosahexaenoic acid, which influence immunity, growth, and reproduction (Fernàndez 
et al., 2015; Azpeitia et al., 2016; Gallardi et al., 2017). Carbohydrates, predominantly in 
the form of glycogen, are used to supply energy during the gametogenic process (Nie et 
al., 2016). Protein, as the most abundant biochemical component of tissues, is thought to 
act as an energy reserve during gametogenesis for some bivalve species (Fernàndez et 
al., 2015; Nie et al., 2016).  
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An extensive body of research of seasonal biochemical composition of mytilid mussels 
has been completed in the northern hemisphere (Dare & Edwards, 1975; Okumus & 
Stirling, 1998; Karayücel et al., 2015; Azpeitia et al., 2016). Mytilus galloprovincialis in 
Spain, Italy, Turkey, and France have been shown to have strong seasonal variation in 
biochemical composition, linked to food availability and spawning (Orban et al., 2002; 
Kopp et al., 2005; Celik et al., 2012; Irisarri et al., 2015; Karayücel et al., 2015; Azpeitia 
et al., 2016). This has also been found in other mytilid species, with Mytilus edulis in 
Ireland, Wales, and France also being found to have strong seasonal variation linked to 
food availability and spawning (Dare & Edwards, 1975; Okumus & Stirling, 1998; Kopp 
et al., 2005; Fernàndez et al., 2015). Whilst many studies have been conducted outside 
New Zealand, there is little information on the seasonal biochemical composition of M. 
galloprovincialis in New Zealand. Only one study to date has investigated the 
biochemical profile of a blue mussel in New Zealand. McLean & Bulling, (2005) 
investigated the lipid profile during one month of every season for a year of M. edulis 
from the Marlborough Sounds. However, this work was focussed only on the extraction 
and quantification of lipids for potential commercial mussel oil products. Furthermore, 
molecular work on blue mussels by Westfall & Gardner, (2010) showed all blue mussels 
sampled in New Zealand to be M. galloprovincialis, and so it is highly likely that the 
study of Mclean & Bulling, (2005) was instead on M. galloprovincialis.  
 
Biochemical composition and condition index are useful indicators of the nutritional 
quality of bivalves (Irisarri et al., 2015). Variations in these parameters are due to 
synergistic interactions of the quality and quantity of food available, and differences 
between stages of the reproductive cycle (Irissari et al., 2015). The biochemical 
composition of mussels throughout the reproductive cycle generally follows a predictable 
pattern of variation. Filter-feeders such as M. galloprovincialis depend upon the seasonal 
and spatial variation in food availability (Irissari et al., 2015). The amount of protein 
generally increases from a minimum in early-summer to a maximum in spring, the 
amount of carbohydrate generally decreases from a maximum in summer to a minimum 
in spring, and lipids generally show little significant seasonal variation (Dare & Edwards, 
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Objectives 
The primary objective of this chapter is to establish seasonal changes in protein, 
carbohydrate, and lipid content of the blue mussel Mytilus galloprovincialis in southern 
New Zealand throughout one annual reproductive cycle. This will be achieved through 
the following aims: 
 
§ Determine spatial variation in the seasonal levels of protein, carbohydrate, and 
lipid within Mytilus galloprovincialis tissue (gonad and viscera) throughout a 
twelve-month period.  
§ Determine the influence of chlorophyll-a concentrations and ambient temperature 
























Two study sites, “Aramoana” (45.7787° S, 170.7037° E), and “Timaru” (44.3905° S, 
171.2498° E) were sampled once a month between July 2017 and June 2018 (Figs. 2.1 
& 2.2). Thirty individuals (≥ 20 mm in shell length) were collected randomly from each 
site on each visit, ensuring that for each, there was no damage to the shell and that the 
mussel was completely enclosed. Temperature was measured at each site using the 
Grizley Products™ AZ8371 temperature probe at the time of sampling and five, 2L water 
samples were taken from the study site for later chlorophyll-a analysis using the 
spectrophotometric methods of Jeffery & Humphry (1975) (Appendix I). Individual 
mussels were stored in cold conditions inside a portable cooler bin and returned to 
Portobello Marine Laboratory where they were kept in aerated flowing seawater, until 
being dissected within 48 hours. A HOBO pendant temperature logger was placed at each 
site from August 2017 to July 2018. To establish the environmental temperature 
variability that the mussels were exposed to, the temperature loggers were placed at a 
tidal height equivalent to the mean mussel distribution.  
 
Dissections  
Twenty of the thirty mussels collected were dissected each month with the exception of 
October (18), November (17), December (13), and April (18) for Aramoana, and 
February (17) for Timaru. The 10 remaining mussels collected provided a buffer against 
infection from the pea crab Pinnotheres novaezelandiae, which infects the mussel. Where 
P. novaezelandiae were present, the mussel was not dissected and was excluded from the 
analysis. For months with less than 20 samples, the presence of  P. novaezelandiae was 
greater than the 10 mussels collected as a buffer. Live individuals were dried with a paper 
towel and opened slightly to let the water drain from the mantle cavity, with total drained 
weight (MDW) measured to the nearest 0.01g. The animals were then dissected, and the 
combined weight of the visceral mass, gonad, mantle, gills and adductor muscles 
determined as a measure of the total soft tissue weight (MST) to the nearest 0.01g. Using 
these weights, the condition index was calculated as:  
 
Condition Index (%) = [Total Soft Tissue (MST) / Total Drained Weight (MDW)] x 100  
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Dissected tissues were stored at -80 °C, and later lyophilised for a minimum of 24 hours, 
then homogenised using a pestle and mortar. The gonad was kept separate to the rest of 
the soft tissue (hereby called viscera), with the gonad and viscera being homogenised 
separately. For biochemical analysis, all samples from each individual were run in 
triplicate. Results were expressed as a percentage of total dry tissue weight as opposed 
to absolute content in mg, to enable direct comparisons with previous studies in the 
literature to be made. 
 
Protein and Carbohydrate Assays 
A sample of 2 – 3 mg of dried gonadal and visceral tissue from each mussel was 
homogenised in 1 ml of distilled water.  A 500 µl sample of the homogenate was added 
to 1 ml of 15% w/v Trichloroacetic Acid (T.C.A.) and kept for a minimum of 12 hours 
at 4°C. Samples were centrifuged at 3000 rpm for 10 minutes, with 200 µl of supernatant 
being taken for carbohydrate analysis, and 50 µl of precipitate being taken for protein 
analysis.  
 
Proteins were analysed using a modified Lowry et al. (1951) folin – phenol colourmetric 
assay (Appendix II). The volume of precipitate used was reduced to 50 µl, and a reduced 
volume of 250 µl or reagent was used so the assay could be run in a 96 well microplate. 
A standard curve (r2 = 0.99) at 10, 20, 30, 40, 50, 60, 70, 80 mg per 100 ml was made 
using Bovine Serum Albumin (BSA) dissolved in 15% w/v T.C.A. (Appendix II). 250 µl 
of reagent was added to 50 µl of precipitate and put on a shaker for 10 minutes. After 10 
minutes, 25 µl of 1N Folin-Ciocalteu reagent, and plates were stood for 30 minutes before 
being read at 750 nm.  
 
Carbohydrates were analysed using a modified Dubois et al. (1956) colourmetric assay 
(Appendix II). The volumes of supernatant extracted, distilled water, and 5% w/v phenol 
were all reduced to 200 µl so that the assay could be run in 1.7 ml Eppendorf tubes. A 
standard curve (r2 = 0.99) at 10, 20, 30, 40, 60, 80 mg per 100 ml was made using glucose 
dissolved in 15% w/v T.C.A. (Appendix II). 200 µl of distilled water and 5% w/v phenol 
were added to the supernatant and vortexed. 1000 µl of sulphuric acid was added with 
the solution being vortexed again and left to stand at room temperature for 30 minutes. 
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After 30 minutes, 320 µl of each sample was pipetted into a 96 well microplate, with the 
plates being read at 490 nm.  
 
Lipid Assay  
Lipids were extracted using a modified Van Handel (1985) method in a 96-well plate and 
analysed colourmetrically using modified methods of Cheng et al. (2010) (Appendix II). 
A 2-3 mg dried tissue sample was homogenised in 1 ml of 1:1 chloroform:methanol and 
centrifuged at 3000 rpm for 5 minutes. 50 µl of supernatant was transferred into a 96-
well microplate and the solvent was then evaporated at 90°C for 5 minutes. 100 µl of 
sulphuric acid was added and incubated at 90°C for 20 minutes. After 20 minutes, the 
microplate was put on ice for two minutes to cool to room temperature. 50 µl of vanillin-
phosphoric acid reagent (0.2 mg vanillin per ml 17% phosphoric acid) was added and the 
plate was stood for 10 minutes. Samples were read at 540 nm. A standard curve (r2 = 
0.99) at 5, 10, 15, 20, 30, 50, 70 mg per 100 ml was made using cholesterol dissolved in 
1:1 chloroform:methanol (Appendix II). 
 
Statistical Analyses 
Differences in condition indices (box-cox transformed) among months at each site were 
tested using a two-way ANOVA. Where significant (α = 0.05) interactions between the 
two factors occurred, a one-way ANOVA was carried out. Significant pairwise 
differences were identified using a Tukey’s post hoc test. Levene and Shapiro tests were 
used to check for homogeneity of variance and normality (Warton & Hui, 2011). 
Differences in protein, carbohydrate, and lipid content were tested using a Kruskal-
Wallis test by ranks, with significant pairwise differences being identified using a Dunn’s 
Test. Some samples were excluded from the analysis due to colour metric results being 
invalid. For Aramoana, the number of samples excluded was; 9 protein gonad, 2 protein 
viscera, 9 carbohydrate gonad, 1 viscera gonad, 18 lipid gonad, and 7 lipid viscera. For 
Timaru, the number of samples excluded was; 11 protein gonad, 5 protein viscera, 8 
carbohydrate gonad, 7 carbohydrate viscera, 13 lipid gonad, and 21 lipid viscera. All 









Condition Indices  
The mean condition index of across the twelve months ranged between 18% and 24.9% 
for sexes combined and between 18.2% and 27.5% for males and 17.8% and 23.7% for 
females at Aramoana (Fig. 3.1). At Timaru, the condition index ranged between 21.2% 
and 27.9% for sexes combined and between 21% and 32.8% for males and 20% and 
26.8% for females (Fig. 3.1). A two-way ANOVA indicated that there is no significant 
difference in condition index between sexes (F(1,225) = 1.48, p = 0.22) across all months 
(Sex x Month, F(11,225) = 0.56, p = 0.86) at Aramoana. Conversely, a significant difference 
in condition indices between sexes (F(1,236) = 10.72, p = 0.001 ) was found at Timaru, 
however this did not depend upon the month of collection (Sex x Month, F(11,236) = 0.79, 
p = 0.65). When sexes were pooled there was a significant difference in the condition 
index among months at both Aramoana (F(11,225) = 4.43, p = <0.001) and Timaru (F(11,236) 
= 4.14, p = <0.001). Tukey’s post hoc comparison of means indicates that at Aramoana, 
the condition index in October (18%) is significantly lower than all other months and at 
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Figure 3.1 Change in the mean condition index for male, female and samples pooled for 
Mytilus galloprovincialis, from Aramoana (top) and Timaru (bottom) sites between July 
2017 and June 2018. Standard errors are given with significant pairwise differences being 
indicated by lower case lettering (α = 0.05). Error bars show ± 1 standard error. 
Aramoana; N (males) = 110, N (females) = 116, N (pooled) = 226. Timaru; N (males) = 
98, N (females) = 139, N (pooled) = 237. Error bars for males and females were omitted 
for clarity. 
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Protein 
The mean gonadal protein content across the twelve months ranged between 46.9% and 
80.9% for sexes combined and between 47.6% and 84.2% for females and 46.1% and 
86.2% for males at Aramoana (Fig. 3.2). At Timaru, the mean gonadal protein content 
ranged between 48.6% and 84.8% for sexes combined and between 45.6% and 78.6% 
for females and 51.2% and 73.7% for males (Fig. 3.3). A Kruskal-Wallis test indicated 
that there was a significant difference in gonadal protein by month (x2 = 114.47, df = 11, 
p = <0.001) but no significant difference by sex (x2 = 0.10, df = 1, p = 0.75) at Aramoana. 
Similarly, a significant difference was found at Timaru in gonadal protein by month (x2 
= 39.20, df = 11, p = <0.001), but no significant difference by sex (x2 = 1.70, df = 1, p = 
0.19). When sexes were combined, a Dunn’s Test indicated that July (80.9%), September 
(77.4%), October (80.2%), and November (78.8%) are all significantly greater than 
March (59.8%), April (51.1%), August (51.0%), and December, at Aramoana (Fig. 3.2). 
At Timaru, May (48.6%) was found to be significantly lower than July (84.8%), August 
(81.6%), September (81.8%), October (67.7%), December (68.6%). September (81.8%) 
was also found to be significantly greater than January (59.5%), April (58.0%), and 
November (58.6%) (Fig 3.3). 
 
Across the twelve months the mean visceral protein content ranged between 33.5% and 
67.3% for sexes combined and between 32.2% and 70.1% for females and between 
35.1% and 67.4 for males, at Aramoana (Fig. 3.2). At Timaru, the mean visceral protein 
content ranged between 40.1% and 76.5% for sexes combined and between 45.1% and 
62.8% for females and 39.9% and 70.0% for males (Fig 3.3). A Kruskal-Wallis test 
indicated that there was a significant difference in visceral protein by month (x2 = 136.38, 
df = 11, p = <0.001), but no significant difference by sex (x2 = 0.84, df = 1, p = 0.36) at 
Aramoana. This was also seen at Timaru where a significant difference in gonadal protein 
by month (x2 = 89.50, df = 11, p = <0.001) but no significant difference by sex (x2 = 
0.01, df = 1, p = 0.932) was found.  When sexes were combined, a Dunn’s Test indicated 
that February (56.4%), September (67.3%), October (57.1%), November (57.1%), and 
December (52.0%) are significantly greater than March (44.5%), April (41.2%), May 
(33.5%), and June (39.7%), at Aramoana (Fig. 3.2). At Timaru, January (55.8%), July 
(62.3%), August (76.5%), and September (56.1%) were all found to be significantly 
greater than March (46.6%), May (40.1%), and November (44.3%) (Fig 3.3). February 
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(68.0%) was also found to be significantly greater than March (46.6%), April (46.9%), 
May (40.1%), and June (48.1%) (Fig 3.3).   
Figure 3.2 Change in mean gonad (top) and viscera (bottom) protein content for female, 
male Mytilus galloprovincialis, and samples pooled for Mytilus galloprovincialis, 
between July 2017 and June 2018 from Aramoana. Error bars show ± 1 standard error. 
Aramoana gonad; N (pooled) = 217, N (females) = 111, N (males) = 106. Aramoana 
viscera; N (pooled) = 224, N (females) = 115, N (males) = 109. Error bars for males and 
females were omitted for clarity. 
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Figure 3.3 Change in mean gonad (top) and viscera (bottom) protein content for female, 
male Mytilus galloprovincialis, and samples pooled for Mytilus galloprovincialis, 
between July 2017 and June 2018 from Timaru. Error bars show ± 1 standard error. 
Timaru gonad; N (pooled) = 226, N (females) = 132, N (males) = 94. Timaru viscera; N 
(pooled) = 232, N (females) = 135, N (males) = 97. Error bars for males and females 
were omitted for clarity. 
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Carbohydrate  
The mean gonadal carbohydrate content across the twelve months ranged between 6.4% 
and 27.1% for sexes combined and between 7.2% and 22.6% for females and 4.6% and 
24.7% for males at Aramoana (Fig. 3.4). At Timaru, the mean gonadal carbohydrate 
content across the twelve months ranged between 12.4% and 45.0% for sexes combined 
and between 10.9% and 46.6% for females and 11.0% and 51.2% for males (Fig. 3.5). A 
Kruskal-Wallis test indicated that there was a significant difference in gonadal 
carbohydrate by month (x2 = 70.30, df = 11, p = <0.001) and a significant difference by 
sex (x2 = 5.40, df = 1, p = 0.021) at Aramoana. Conversely, a significant difference was 
found in gonadal carbohydrate content by month (x2 = 85.22, df = 11, p = <0.001) at 
Timaru but no significant difference by sex (x2 = 0.14, df = 1, p = 0.703).  When sexes 
were combined, a Dunn’s Test indicated that June (6.8%) and July (6.4%) are 
significantly lower than January (14.0%), April (27.1%), October (19.1%), and 
November (15.7%) (Fig. 3.4). August (24.2%) was also found to be significantly greater 
than February (11.4%), March (13.6%), May (11.9%), June (6.8%) and July (6.4%) at 
Aramoana (Fig. 3.4). At Timaru, May (13.3%), June (16.1%), July (16.2%), and 
September (12.4%) were found to be significantly lower than February (45.0%), April 
(40.5%), November (23.4%) and December (29.0%) (Fig. 3.5). 
 
Across the twelve months the mean visceral carbohydrate content ranged between 7.8% 
and 20.2% for sexes combined and between 8.0% and 21.6% for females and between 
7.7% and 21.0% for males at Aramoana (Fig. 3.4). At Timaru, the mean visceral 
carbohydrate content ranged between 9.6% and 37.4% for sexes combined and between 
7.5% and 38.1% for females and between 11.1% and 35.9% for males (Fig. 3.5). A 
Kruskal-Wallis test indicated that there was a significant difference in visceral 
carbohydrate by month (x2 = 70.93, df = 11, p = <0.001) but no significant difference by 
sex (x2 = 0.56, df = 1, p = 0.453) at Aramoana. Similarly, a significant difference was 
found in visceral carbohydrate by month (x2 = 118.42, df = 11, p = <0.001) at Timaru 
with no significant difference by sex (x2 = 0.95, df = 1, p = 0.33). When sexes were 
combined, a Dunn’s Test indicated that June (11.1%) and July (7.9%) are significantly 
lower than February (21.3%), April (20.2%) and November (19.2%) at Aramoana (Fig. 
3.4). At Timaru, May (19.4%), June (15.9%), July (9.9%), and September (9.6%) were 
found to be significantly lower than February (36.6%), April (37.4%), November 
(28.9%) and December (22.6%) (Fig. 3.5).  
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Figure 3.4 Change in mean gonad (top) and viscera (bottom) carbohydrate content for 
female, male Mytilus galloprovincialis, and samples pooled for Mytilus 
galloprovincialis, July 2017 and June 2018 from Aramoana. Error bars show ± 1 standard 
error. Aramoana gonad; N (pooled) = 217, N (females) = 110, N (males) = 107. 
Aramoana viscera; N (pooled) = 225, N (females) = 116, N (males) = 109. Error bars for 
males and females were omitted for clarity. 
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 Figure 3.5 Change in mean gonad (top) and viscera (bottom) carbohydrate content for 
female, male Mytilus galloprovincialis, and samples pooled for Mytilus 
galloprovincialis, between July 2017 and June 2018 from Timaru. Error bars show ± 1 
standard error. Timaru gonad; N (pooled) = 229, N (females) = 135, N (males) = 94. 
Timaru viscera; N (pooled) = 230, N (females) = 135, N (males) = 95. Error bars for 
males and females were omitted for clarity. 
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Lipid 
The mean gonadal lipid content across the twelve months ranged between 5.4% and 
26.5% for sexes combined and between 5.4% and 13.0% for females and 4.0% and 27.0% 
for males at Aramoana (Fig. 3.6). At Timaru, the mean gonadal lipid content ranged 
between 4.6% and 20.4% for sexes combined and between 4.7% and 18.3% for females 
and 4.3% and 21.8% for males (Fig. 3.7). A Kruskal-Wallis test indicated that there was 
a significant difference in gonadal lipid by month (x2 = 101.79, df = 11, p = <0.001) and 
a significant difference by sex (x2 = 0.52, df = 1, p = 0.47) at Aramoana. Similarly, a 
significant difference was found in gonadal lipid content by month (x2 = 91.94, df = 11, 
p = <0.001) at Timaru with no significant difference by sex (x2 = 0.035, df = 1, p = 0.85). 
When sexes were combined, a Dunn’s Test indicated that July (26.5%) was significantly 
greater than all months at Aramoana. At Timaru, January (20.0%) was found to be 
significantly greater than February (9.6%), March (7.7%), April (4.6%), October (10.4%) 
and November (8.1%). July (16.8%) and September (15.5%) were also found to be 
significantly greater than March (7.7%), April (4.6%), June (8.2%), November (8.1%) 
and December (8.6%) (Fig. 3.7). 
 
Across the twelve months the mean visceral lipid content ranged between 4.7% and 
21.4% for sexes combined and between 4.4% and 20.3% for females and between 5.3% 
and 22.9% for males at Aramoana (Fig. 3.6). At Timaru, the mean visceral lipid content 
ranged between 2.6% and 20.5% for sexes combined and between 3.9% and 21% for 
females and between 2.0% and 20.0% for males (Fig. 3.7). A Kruskal-Wallis test 
indicated that there was a significant difference in visceral lipid by month (x2 = 81.71, df 
= 11, p = <0.001) and no significant difference by sex (x2 = 0.28, df = 1, p = 0.60) at 
Aramoana. Conversely, a significant difference in visceral lipid by month (x2 = 95.13, df 
= 11, p = <0.001) and a significant difference by sex (x2 = 4.64, df = 1, p = 0.03) at 
Timaru was found. When sexes were combined, a Dunn’s Test indicated that July 
(21.4%) was significantly greater than all months at Aramoana (Fig. 3.6). At Timaru, 
January (20.5%) was found to be significantly greater than all months. July (8.9%) and 
September (11.1%) were also found to be significantly greater than March (6.1%), April 
(6.4%), June (7.6%), and December (6.5%) (Fig. 3.7).  
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Figure 3.6 Change in mean gonad (top) and viscera (bottom) lipid content for female, 
male Mytilus galloprovincialis, and samples pooled for Mytilus galloprovincialis, 
between July 2017 and June 2018 from Aramoana. Error bars show ± 1 standard error. 
Aramoana gonad; N (pooled) = 208, N (females) = 105, N (males) = 103. Aramoana 
viscera; N (pooled) = 219, N (females) = 112, N (males) = 107. Error bars for males and 
females were omitted for clarity. 
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 Figure 3.7 Change in mean gonad (top) and viscera (bottom) lipid content for female, 
male Mytilus galloprovincialis, and samples pooled for Mytilus galloprovincialis, 
between July 2017 and June 2018 from Timaru. Error bars show ± 1 standard error. 
Timaru gonad; N (pooled) = 224, N (females) = 131, N (males) = 93. Timaru viscera; N 
(pooled) = 216, N (females) = 123, N (males) = 93. Error bars for males and females 
were omitted for clarity. 
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Environmental Conditions 
Mean environmental temperature was found to be lowest in July and highest in January 
for both Aramoana (9.3°C – 18.3°C) and Timaru (8.0°C – 19.1°C), with Timaru having 
the greatest temperature range (Fig. 3.8). Environmental temperature was found to be 
more extreme at Timaru with the lowest and highest recorded temperatures being, 2.0°C 
and 36.9°C, respectively, between August 2017 and July 2018 (Fig. 3.8). Aramoana had 
a similar environmental temperature profile, but it was not as extreme, with the lowest 
and highest recorded temperatures being, 3.4°C and 33.2°C, respectively. Measured 
chlorophyll-a concentrations ranged from 0.5 µg/L in July 2017 to 2.8 µg/L in October 
2017 at Aramoana and from 0.8 µg/L in October 2017 to 6.8 µg/L in February 2018 at 
Timaru (Fig. 3.9). Aramoana and Timaru had very similar mean day lengths ranging 
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Figure 3.8 Mean environmental monthly temperature for Aramoana (top) and Timaru 
(bottom) between July 2017 and June 2018. The high and low data points denote the 
highest and lowest observed temperatures in each month for Aramoana (top) and Timaru 
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Figure 3.9 Chlorophyll-a concentration (μg/L) of Aramoana and Timaru at the time of 
sampling between July 2017 and June 2018. 
  









To date, no previous studies in New Zealand have investigated in detail, the biochemical 
composition of M. galloprovincialis. Despite numerous studies on the biochemical 
composition of mytilid mussels in the northern hemisphere (Table 3.1), few studies 
worldwide have investigated the biochemical composition of the gonad throughout an 
annual cycle. The separate analysis of the gonad from all other soft tissues, highlighted 
tissue specific differences in the seasonal accumulation and depletion of biochemical 
reserves.  
 
Table 3.1 Summary of identified periods of highest and lowest protein, lipid, and 
carbohydrate content from the present study and previous studies investigating the 
biochemical composition of mytilid mussels throughout an annual cycle. 
Species Author(s) Location Protein Lipid Carbohydrate 
Mytlius edulis Dare and 
Edwards, 1975 
Wales Highest – Spring  
Lowest – Summer 
Highest – Winter  
Lowest – Spring 
Highest – Late-Spring  
Lowest – Early-
Spring 
Mytilus edulis Okumus and 
Stirling, 1998 
Scotland Highest – Spring  
Lowest – Winter 
Highest – Summer   
Lowest – Spring 
Highest – Summer  
Lowest – Spring 




Highest – Winter  
Lowest – Autumn 
Highest – Spring  
Lowest – Autumn 
Highest – Summer  
Lowest – Winter 
Mytlius edulis Fernàndez et 
al., 2015 
Ireland Highest – Autumn  
Lowest – Summer 
Highest – Spring  
Lowest – Summer 
Highest – Summer  
Lowest – Winter 
Mytilus 
galloprovincialis 




Highest – Autumn 
Lowest – Spring 
Highest – Spring  
Lowest - Winter 
Highest – Spring  
Lowest - Winter 
Mytilus 
galloprovincialis 




Highest – Spring  
Lowest – Autumn 
Highest – Spring  
Lowest – Autumn 
Highest – Summer  
Lowest - Winter 
Mytilus 
galloprovincialis 




Highest – Winter  
Lowest – Autumn 
Highest – Winter  
Lowest – Summer 
Highest - Summer   
Lowest – Winter 
Mytilus 
galloprovincialis 
Celik et al., 
2012 
Sinop, Turkey Highest – Winter  
Lowest – Summer 
Highest – Spring  








Highest – Winter  
Lowest – Summer 
Highest – Autumn  
Lowest – Spring 
Highest – Summer 
Lowest – Winter 
Mytilus 
galloprovincialis 
Irisarri et al., 
2015 
Galicia, Spain Highest – Summer  
Lowest – Autumn 
Highest – Winter  
Lowest – Summer 
Highest – Summer  
Lowest – Winter 
Mytilus 
galloprovincialis 




Highest – Summer  
Lowest – Winter 
Highest – Summer  
Lowest – Winter 
Highest – Summer  




Present Study  
Aramoana, 
New Zealand 
Highest – Winter 
Lowest – Autumn 
Highest – Mid-Winter  
Lowest – Late-Winter  
Highest – Summer 




Present Study  
Timaru, New 
Zealand 
Highest – Winter  
Lowest – Autumn  
Highest – Summer  
Lowest – Winter  
Highest – Summer 
Lowest – Spring  
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The biochemical composition and condition indices of mussels are influenced by a range 
of environmental and intrinsic factors, such as water temperature, food availability, stage 
of their reproductive cycle, salinity, wave exposure, density, and genetics (Alunno-
Bruscia et al., 2001; Orban et al., 2002; Penney et al., 2007; Fernàndez et al., 2015; 
Gallardi et al., 2017). The biochemical composition of bivalves is highly variable, with 
biochemical content changing spatially and temporally in relation to the composition and 
amount of phytoplankton available, as well as differences in reproductive status (Kopp 
et al., 2005; Pleissner et al., 2012; Gallardi et al., 2007).  
 
Protein is known to be the main energy substrate for M. galloprovincialis during periods 
of gamete development, with the greatest and lowest levels being observed during gonad 
development and spawning, respectively (Zandee et al., 1980; Marin et al., 2003; Ren et 
al., 2003; Baek et al., 2014; Irisarri et al., 2015). Similarly, lipid content is known to 
follow seasonal patterns with decreases in soft tissues, coinciding with gamete formation 
and increases in all soft tissues coinciding with phytoplankton blooms (Narváez et al., 
2008; Prato et al., 2010; Suárez et al., 2013; Gallardi et al., 2014; Irisarri et al., 2015). 
Conversely, many studies have found the seasonal pattern of carbohydrates to fluctuate 
opposite to the seasonal patterns of proteins and lipids (Orban et al., 2002; Marin et al., 
2003; Ren et al., 2003; Irisarri et al., 2015). Previous studies have also identified a 
significant correlation between the condition index and the nutritional status in bivalve 
species (Okumus & Stirling, 1998; Orban et al., 2002; Park et al., 2014; Baek et al., 2014; 
Irisarri et al., 2015). Quantitative analysis of the biochemical composition of mussels 
from both Aramoana and Timaru showed that the populations underwent clear seasonal 
cycles, characterised by periods of accumulation and depletion of biochemical reserves.  
 
Protein 
In this study, protein, the main component of mussel tissue, was found to have different 
timings in the seasonal pattern between the two locations, Aramoana and Timaru, when 
sexes were combined. At Aramoana, elevated gonadal protein levels were found in early-
winter and for the duration of spring. Visceral protein was found to be similar, with 
elevated levels found in early-winter and early-spring, however, these elevated levels 
were not observed for the duration of spring. Depleted protein levels were observed in 
both gonadal and visceral protein in late-autumn and late-winter. Similar trends in protein 
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content were observed at Timaru. Elevated gonadal and visceral protein levels were 
found in late-winter and early-spring, with depleted protein levels being observed in late-
autumn and late-spring. When sexes were separated, the seasonal trends found at both 
locations closely followed each other. The lack of observed differences in gonadal and 
visceral protein content between males and females suggests that neither sex requires 
more protein throughout the reproductive cycle. 
 
A key difference between Aramoana and Timaru, however, is the absence of a depletion 
of protein reserves in winter at Timaru. Many previous studies have correlated a decline 
in protein content with spawning events (Orban et al., 2002; Celik et al., 2012; Fernández 
et al., 2015; Irissari et al., 2015). Orban et al. (2002) found low protein content in M. 
galloprovincialis from two different locations during winter. Celik et al. (2012) found 
low protein content in M. galloprovincialis from two different locations in the Black Sea 
during the spring spawning season, highlighting the link between spawning events and 
depletion of protein reserves. Furthermore, Pieters et al. (1980) and Fernàndez et al. 
(2015) found a relationship between spawning and depletion of protein reserves in M. 
edulis from the Dutch Wadden Sea and Ireland, respectively. It is known that the timing 
of spawning of M. galloprovincialis varies widely between populations with studies 
observing spawning periods in winter, spring, and summer and any combination of these 
(Kennedy, 1977; Lowe et al., 1982; De Ros et al., 1985; Toro et al., 2002; Suaréz et al., 
2005; Prisco, 2017; Ramos, 2017). Thus, it is likely that the observed depletions of 
protein reserves of mussels at both locations in summer can be attributed to spawning 
events. Furthermore, it is possible that the significant depletion of protein reserves found 
at Aramoana in winter, which is not observed at Timaru, is a winter spawning event. If 
this period of protein depletion at Aramoana is a winter spawning event, it signifies a 
clear difference in the annual reproductive cycles between the two populations.  
 
Lipid 
Seasonal trends in lipid composition are known to be highly variable between locations, 
varying in relation to food availability and reproductive state (Gallardi et al., 2017) 
(Table 3.1). Lipids are directly related to the gametogenic cycle as they play two critical 
roles, firstly as structural constituents in the membranes of gonads, and secondly as 
energy reserves during embryonic development (Martinez-Pita et al., 2012). It is well 
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known that polar lipids are mostly used as components of cell structures, whereas neutral 
lipids are used as an energy source during periods of reduced feeding and gametogenesis 
(Martinez-Pita et al., 2012; Gallardi et al., 2017). Previous studies have identified two 
main classes of lipids; phospholipids and triacylglycerols, in M. galloprovincialis and 
other bivalves (Li et al., 1998; Pazos et al., 2003; Martinez-Pita et al., 2012). More 
specifically, triacylglycerols play a critical role as energy reserves, and accumulate 
during periods of high food availability and later stages of embryonic development 
(Fernàndez et al., 2015; Gallardi et al., 2017). Fatty acids are also known to have crucial 
roles at the structural and functional levels of cell membranes involved in gametogenesis. 
Furthermore, increases in fatty acids have been linked to gonadal maturation for other 
bivalves (Taylor & Savage, 2006; Martinez-Pita et al., 2012). When lipids are used as an 
energy source, they are oxidised and then the lipids, most commonly in the form of 
triacylglycerols, are used by the organisms (Gallardi et al., 2017). In this study, the 
gonadal and visceral lipid content of M. galloprovincialis differed between Aramoana 
and Timaru, with a much less clear seasonal trend being observed at Aramoana. The 
seasonal trend observed at Aramoana was also much less defined than in previous studies 
(Celik et al., 2012; Orban et al., 2012; Fernàndez et al., 2015; Irisarri et al., 2015).  
 
At Aramoana, gonadal and visceral lipid content remained consistent throughout the 
majority of the year, except for a period of rapid accumulation observed at the start of 
winter followed by a period of rapid depletion from mid to late-winter. This period of 
rapid lipid accumulation coincides with the period of protein accumulation found at 
Aramoana. This suggests that during this period, mussels were undergoing gonadal 
development, as lipid reserves are accumulated in developing eggs (Martinez-Pita et al., 
2012; Fernàndez et al., 2015). A more defined seasonal trend was found at Timaru, with 
the greatest lipid reserves being found in summer and the lowest in late-winter. It is most 
likely that these observed lipid trends are a reflection of the stage of gametogenesis 
(Martinez-Pita et al., 2012). Thus, the high lipid levels observed in summer may be due 
to the gonads being ripe and therefore containing high amounts of lipids, as opposed to 
winter where gonadal development may be at an early stage. When sexes were separated, 
significant differences were observed between male and female gonadal lipid at 
Aramoana and in visceral lipid at Timaru. At Aramoana, females had a much lower lipid 
content than males in autumn. This may be due to females having released their eggs, as 
a high lipid content is known to be present during later stages of embryonic development 
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(Fernàndez et al., 2015; Gallardi et al., 2017). At Timaru, males were found to have a 
significantly lower visceral lipid content than females in late-spring and mid-autumn. 
Increasing levels of lipids in non-gonadal tissues, especially in the mantle, are known to 
come from glycogen being converted into lipids during gametogenesis and being 
transferred directly from the diet into the organism’s tissues (Martinez-Pita et al., 2012). 
It is possible that the differences observed between males and females at Timaru, may be 
due to females being further along in their gonadal development and having thus invested 
a large amount of their lipid reserves into the gonad. In response to this heavy lipid 
investment in the gonad, the mussels may be converting glycogen into lipid or 




In contrast with previous studies on mytilid mussels, the gonadal and visceral 
carbohydrate content at both Aramoana and Timaru, was found to follow similar seasonal 
trends to protein (Fernàndez et al., 2015; Irisarri et al., 2015). At Aramoana, gonadal 
carbohydrate was found to undergo a much more drastic seasonal trend than visceral 
carbohydrate, despite both following the same broad seasonal trend. The observed 
seasonal trends of gonadal and visceral carbohydrate at Timaru were also found to be 
similar to one another. Increased carbohydrate content was found in autumn and late-
winter at Aramoana and in late-spring, summer and autumn at Timaru. Decreased 
carbohydrate content was found in winter at Aramoana, as well as in winter and early-
spring at Timaru. Two distinct periods of rapid gonadal carbohydrate accumulation were 
found in autumn and winter at Aramoana, which were not observed in the visceral 
carbohydrate, with this difference being most likely attributed to gonadal development 
(Irissari et al., 2015). Glycogen, the main carbohydrate in mussels, is known to be 
converted into lipids to fuel gametogenesis (Marin et al., 2003). The depletion of 
carbohydrate reserves was observed throughout winter and early-autumn for both 
gonadal and visceral carbohydrate. This is opposite to the seasonal trends observed in 
protein content during winter, further supporting the idea that during gonadal 
development, protein is the main energy source as opposed to carbohydrate. The seasonal 
trend of gonadal and visceral carbohydrate at Timaru is characterised by an extended 
period of low carbohydrate reserves from late-autumn until early-spring, much greater 
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than the low period observed at Aramoana. This period of depletion is followed by a 
period of rapid accumulation in spring and then a period of depletion from late-spring to 
mid-summer. Between late-summer and late-autumn two periods of rapid accumulation 
and depletion were observed in both the gonadal and visceral carbohydrate content. 
These rapid periods of accumulation and depletion suggests that mussels at Timaru may 
have undergone late spawning events characterised by rapid gonadal development and 
spawning. At Aramoana, when sexes were separated, a significant difference was 
observed in gonadal carbohydrate with males having much lower gonadal carbohydrate 
content in late-autumn than females. This may be due to males having spawned meaning 
they would either be in the spent, resting or early development stages, and thus low 
energy demands may have resulted in reduced gonadal carbohydrate content. This 
difference may also be exacerbated by females who have not yet spawned, and so have 
late developing or ripe gonads containing high amounts of gonadal carbohydrate. 
Furthermore, carbohydrates are readily available from the diet, and can be converted into 
lipids to meet the energy demands of gametogenesis (Martinez-Pita et al., 2012; Celik et 
al., 2015). Thus, if female gonads are in the late developing or ripe stages, when energy 
demands are high, high levels of carbohydrate would be expected, and may possibly 
explain why males had significantly less gonadal carbohydrate than females. No clear 
differences between the seasonal trends of males and females were observed at Timaru.  
 
Condition Indices  
Numerous studies on mytilid mussels have found a close correlation between the 
condition index and the nutritional profile of the diet and the seasonal trends of 
accumulation and depletion in soft tissues  (Okumus & Stirling, 1998; Orban et al., 2002; 
Aníbal et al., 2011; Park et al., 2014; Baek et al., 2014; Irisarri et al., 2015). Contrary to 
previous findings, condition indices were found not to have a close correlation with 
observed seasonal trends of accumulation and depletion of reserves. At Aramoana, little 
variation in the condition index was found throughout the year except for a significant 
decrease during spring. This decline in condition index observed in spring coincides with 
depletion of both protein and lipid reserves, and accumulation of carbohydrate reserves. 
Similarly, little variation in the condition index was found throughout the year at Timaru, 
with no significant differences being observed between months.  
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Environmental Conditions  
Spatial variation in biochemical composition is linked to variability in food quantity and 
quality over very small scales (Irrisari et al., 2015). Suspension feeding bivalves are 
known to experience site specific variation in the quality and quantity of food over short 
(resuspension events, tidal cycles) and long (seasonal) time periods (Irissari et al., 2005). 
Water temperatures and day length are known to have a significant impact on food 
availability (Fernàndez et al., 2015). It is known that increasing day length and warming 
water temperatures throughout spring result in increases in phytoplankton availability 
and thus food availability (Fernàndez et al., 2015). Whilst conversely, it is known that 
decreasing day length and cooling water temperatures result in decreases in 
phytoplankton availability and thus food availability (Fernàndez et al., 2015). 
Differences in these key environmental parameters give rise to spatial differences in food 
availability and variation in the biochemical composition of different bivalve 
populations. As mussels are sessile, their chemical composition is dependent upon the 
phytoplankton available at any given time (Orban et al., 2002). The link between food 
concentration and bivalve tissue mass is complex and controlled by many factors which 
influence both food supply and the conversion of food to biomass (Ogilvie et al., 2004; 
Gallardi et al., 2017).  
 
Previous studies on molluscs have found increases in condition indices and accumulation 
of biochemical reserves during periods of increased food availability, with protein and 
lipid content commonly following this trend (Orban et al., 2002; Fernàndez et al., 2015; 
Irisarri et al., 2015). Furthermore, decreases in condition indices and depletion of 
biochemical reserves have been observed during periods of decreased food availability 
(Orban et al., 2002; Fernàndez et al., 2015; Irisarri et al., 2015). Observed seasonal 
chlorophyll-a trends agreed with previous studies and were found to have similar trends 
between sites, with Timaru consistently found to have greater chlorophyll-a 
concentrations. The consistently greater chlorophyll-a concentrations, and thus greater 
food availability, observed at Timaru is a potential source of spatial variation in the 
biochemical composition between the two mussel populations. During this study period, 
a dinoflagellate bloom occurred at Timaru in late January 2017 (Williams, 2018). This 
bloom had a clear impact on the primary productivity and food availability throughout 
this period as the chlorophyll-a concentration in February (6.8 µg/L) was found to be 
more than double any other month during the study. Carbohydrate content coincided with 
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the observed trends in chlorophyll-a concentrations at both locations and was found to 
be the best indicator of chlorophyll-a concentration as in previous studies (Orban et al., 
2002; Fernàndez et al., 2015). This is emphasised by the observed dinoflagellate bloom 
at Timaru, whereby, the carbohydrate content was found to accumulate with the increase 
in chlorophyll-a from January 2018 to February 2018. Additionally, this was also found 
to decrease directly after the bloom from February 2018 until March 2018. Whilst clear 
spatial variation in biochemical composition was observed during this study, it was 
observed during a bloom event, and so this needs to be considered when comparing the 
sites. However, as the chlorophyll-a concentration was found to be consistently greater 
throughout the year, it can be suggested that Timaru has greater food availability than 
Aramoana. With this potential difference in food availability possibly driving spatial 




Spatial and temporal variations in the biochemical composition of M. galloprovincialis 
were investigated at Aramoana and Timaru, in southern New Zealand. Variation in the 
timings of accumulation and depletion of biochemical reserves were observed between 
the two sites. Carbohydrate was found to be closely linked with variations in chlorophyll-
a content, with protein and lipid most likely being more dependent on the reproductive 
cycle. This observed variation can be linked to differences in chlorophyll-a content 
observed between the two sites. However, it is important to note that due to mussels being 
sessile organisms, their biochemical composition is highly dependent on the 
phytoplankton resources available. Thus, when considering these findings, it is important 
to remember that the findings described, only apply to the period of this study.  
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Chapter 4 - General Discussion and Conclusions 
 
The reproductive ecology of the blue mussel, Mytilus galloprovincialis, was examined 
for two southern populations, at two locations, Aramoana and Timaru, in southern New 
Zealand, over one annual cycle. Differences in the timing of spawning events were 
identified between the two populations, with Timaru being found to have a distinct 
summer spawning period and Aramoana having two distinct spawning periods; in 
summer and winter (Chapter 2). The winter spawning period identified at Aramoana is 
the most significant difference in the reproductive ecology found between the two 
populations. The observed differences in the reproductive ecology of the two populations 
are consistent with findings of previous studies on mytilid mussels in numerous locations 
around the world, that have shown differences in the timing of reproduction between 
locations. Differences in the reproductive ecology of mytilid mussels have been 
highlighted in many previous studies (Kautsky, 1982; Lowe et al., 1982; Thompson, 
1984; De Ros et al., 1985; Villalba, 1985; Kennedy, 1997; Blanchard & Feder, 1997; 
Toro et al., 2002; Suárez et al., 2005; Prisco et al., 2017; Ramos, 2017) (Table 2.2.). Toro 
et al. (2002) investigated Mytilus trossulus in Newfoundland, and found they had an 
extended spawning period of 12-15 weeks when compared to Mytilus edulis, which had 
a spawning period of 2-3 weeks and also recovered from spawning slower than M. edulis. 
Lowe et al. (1982) found M. galloprovincialis to have prolonged spawning periods over 
several months throughout spring and summer, consistent with the findings of Suaréz et 
al. (2005), who investigated M. galloprovincialis in north-west Spain. Similarly, to the 
Aramoana population, De Ros et al. (1985) observed spawning in winter and summer in 
Venice, Italy and Prisco et al. (2017) also observed spawning in winter, however Ramos 
(2017) also observed a spawning period in spring and a complete absence of spawning 
in Summer in the same region. 
 
Environmental variables are known to influence the timing of gametogenesis, with 
temperature and food availability known to be the two main controlling factors 
(Kennedy, 1977; Cáceres-Martínez & Figueras., 1998; Gibbon et al., 2001; Gadomski & 
Lamare, 2015). Changes in water temperature are widely known as important 
environmental cues for spawning in many bivalve species, including mussel species 
(Kennedy, 1977). For example, Gribbon et al. (2004) has related reproductive cycles of 
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bivalves to sea temperature and Kennedy (1977) found that mytilid mussels initiate 
gametogenesis as the water temperature starts to decrease, with spawning linked to 
increasing sea temperatures during spring. In the current study, water temperatures at 
both sites were found to follow the same trends, with temperatures being the coldest in 
July and warmest in January. Little variation was found between water temperatures 
measured during sampling with the water temperature at Aramoana ranging between 9°C 
and 18.5°C and between 8.3°C and 20.1°C at Timaru (Chapter 2). The observed spatial 
variation in gametogenesis could occur between Aramoana and Timaru due to 
differences in timing of the increases and decreases in water temperature. Water 
temperature at Aramoana was found to start increasing from its minimum temperature 
observed in June. Conversely, the water temperature at Timaru was found to start 
increasing from its minimum temperature in July. Furthermore, variation could occur due 
to greater water temperatures in summer and lower water temperatures in winter at 
Timaru. However, it is highly unlikely that temperature is the sole cause of the 
differences in the reproductive ecology between the two populations, due to the 
differences in water temperatures between the two sites being minimal.  
 
A much less considered aspect examined in this study was the effect of the combined 
influence of water and air temperatures. Intertidal organisms such as mussels spend a 
significant amount of time exposed to the air. Thus, when considering the impacts of 
temperature on the timing of gametogenesis it is likely that the combined influence of 
both water and air temperatures are impacting upon the timing of gametogenesis. 
However, to my knowledge no previous studies have looked at the combined impacts of 
water and air temperatures (hereby termed ‘environmental temperature’). Examining the 
environmental temperature enabled us to obtain a more accurate representation of the 
temperatures which the mussels are being subjected to throughout the gametogenic cycle. 
Timaru was found to have only slightly more extreme environmental temperatures (4.9°C 
- 36.9°C) compared to Aramoana (5.3°C - 33.2°C), with the maximum and minimum 
temperatures being similar (Chapter 2). As expected, the minimum and maximum 
temperatures measured were air temperatures, highlighting that the mussels encounter 
more extreme temperatures when exposed to the air. It is likely the differences between 
reproductive cycles observed in this study are not solely driven by temperature alone, as 
the observed temperature differences between the two sites are minimal. 
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Food availability is also known to be an important environmental factor in relation to 
spawning, with changes in chlorophyll-a concentrations being linked to the reproductive 
cycle of bivalves (Thyrring et al., 2017). Chlorophyll-a concentrations were found to be 
between 0.49 and 2.66 µg/L at Aramoana and 0.8 and 6.7 µg/L at Timaru over the twelve 
months (Chapter 2). The greatest chlorophyll-a concentration was seen in February in 
Timaru during a dinoflagellate bloom which lasted for several days in the nearshore 
waters surrounding Timaru (Williams, 2018). This bloom event appears to have caused 
a late spawning event in summer at Timaru. A significant increase was observed in the 
gonadic index between February and March, coupled with a slight increase in the 
condition index between February and March. This was then followed by a decrease in 
the gonadic and condition indices between March and April, suggesting that a late 
spawning event may have occurred as a result of this bloom event. This suggests that the 
differences between reproductive cycles observed in this study, appear to be directly 
influenced by food availability. Furthermore, it is possible that as the water temperatures 
between the two locations are so similar, spatial variation in the reproductive cycles of 
these two populations are due to differences in food availability.  
 
To date, no previous studies in New Zealand have investigated in detail the biochemical 
composition of M. galloprovincialis, and additionally, few studies have investigated the 
biochemical composition of the gonad throughout an annual cycle. Differences in the 
seasonal trends of protein, lipid, and carbohydrate were identified between the two sites. 
The biochemical composition of mussels is highly variable, with biochemical content 
known to change spatially and temporally in relation to food availability and differences 
in reproductive status (Kopp et al., 2005; Gallardi et al., 2007; Pleissner et al., 2012). 
Protein is known to be the main energy substrate for M. galloprovincialis during periods 
of gamete development, with the greatest and lowest levels being observed during gonad 
development and spawning, respectively (Zandee et al., 1980; Marin et al., 2003; Ren et 
al., 2003; Baek et al., 2014; Irisarri et al., 2015). Similarly, lipid content is known to 
follow seasonal patterns with decreases in soft tissues, coinciding with gamete formation 
and increases in all soft tissues coinciding with phytoplankton blooms (Narváez et al., 
2008; Prato et al., 2010; Suárez et al., 2013; Gallardi et al., 2014; Irisarri et al., 2015). 
Conversely, many studies have found the seasonal pattern of carbohydrates to fluctuate 
oppositely to the seasonal patterns of proteins and lipids (Orban et al., 2002; Marin et al., 
2003; Ren et al., 2003; Irisarri et al., 2015). Quantitative analysis of the biochemical 
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composition of mussels from both Aramoana and Timaru identified that the populations 
had clear seasonal cycles, characterised by periods of accumulation and depletion of 
biochemical reserves (Chapter 3).  
 
Differences in the timings of protein accumulation and depletion were identified between 
the two sites. The key difference found between the two sites was the depletion of protein 
reserves at Aramoana in late-winter, which was not observed at Timaru. Previous studies 
have correlated depletion of protein reserves with spawning events (Orban et al., 2002; 
Celik et al., 2012; Fernández et al., 2015; Irissari et al., 2015). The results of this study 
support those previous findings as this observed period of protein depletion coincides 
with the identified late-winter spawning event (Chapters 2 & 3). The lipid content was 
found to vary between the two sites, with a much less clear seasonal trend being observed 
at Aramoana when compared to Timaru. At Aramoana, lipid content remained consistent 
throughout the year with the exception of winter. Rapid accumulation and depletion of 
lipid was found to occur throughout winter, with this period of rapid accumulation 
coincided with a period of rapid protein accumulation. Lipid reserves are accumulated in 
developing eggs, therefore this period of rapid accumulation provides further evidence 
for the observed winter spawning event (Martinez-Pita et al., 2012; Fernàndez et al., 
2015) (Chapters 2 & 3). At Timaru, a clear seasonal trend in lipid content was identified, 
with lipid reserves found to be the highest in summer and the lowest in winter. This 
agrees with the identified spawning periods at Timaru, whereby high lipid content is 
observed during the spawning period when eggs are ripe, and low lipid content is 
observed in winter during the early stages of gametogenesis (Chapters 2 & 3). At both 
sites, carbohydrate content was found to follow similar seasonal trends to protein. 
Increased carbohydrate content was found in autumn and late-winter at Aramoana and in 
late-spring, summer, and autumn at Timaru (Chapter 3). Decreased carbohydrate content 
was found in winter at Aramoana, and in winter and early-spring at Timaru (Chapter 3). 
The differences in the timings of increased and decreased levels of carbohydrate between 
the two sites are most likely attributed to differences in gametogenic stage and food 
availability (Irisari et al., 2015).  
 
Food availability has been identified as one of the main drivers of spatial variability in 
biochemical composition over very small scales (Irisarri et al., 2015). The chlorophyll-a 
concentrations at Timaru were found to be consistently greater than those at Aramoana 
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(Chapters 2 & 3).  It is this difference that may be driving the observed spatial variability 
in biochemical content between the two sites.  
 
Whilst this study has identified key differences in the reproductive ecology between the 
Aramoana and Timaru M. galloprovincialis populations, it is important to highlight that 
this study was only conducted over one annual cycle. To further gain an understanding 
into the reproductive ecology of these two populations, future research, where possible, 
should be conducted over a period greater than one annual cycle, enabling more confident 
conclusions to be drawn.
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Appendix I - Chlorophyll Protocol  
 
Chlorophyll Sampling and Filtration  
Seawater samples of 1.5 L are passed through glass fibre filters (GF/F). The volume 
depends upon the plankton content. The vacuum should be as weak as possible (0.2 - 0.3 
bar). After the filtration, the filters are rinsed with filtered seawater.  
 
Note: Keep and transport the samples always cooled and protected from bright light. 
Therefore, cover the samples with dark cloth or aluminium foil. Also during the further 
processing the chlorophyll filters and tubes have to be kept as dark and cool as possible. 
Light destroys the chlorophyll molecules (photo oxidation).  
 
Extraction  
The filters are placed in 15 ml polypropylene tubes and 11 ml 96% ethanol are added and 
the tubes are closed. Then the samples are stored in the freezer at least overnight. 
 
Photometric determination   
Cuvettes of 5 cm length are used. The extract in the cuvettes is measured in a photometer 
at different wavelengths. The measurements take place in the following order:  
 
750 nm - 665 nm - 647 nm - 630 nm  
 
With each new wavelength, one needs to adjust the baseline against 96 % ethanol. The 
determination of the turbidity at 750 nm indicates whether the solution is free from 
suspended matter (e.g. filter residues) or not. In the case of doubt (absorption at 750 nm 
not more then 0.005 per cm length of cuvette), the sample needs to be centrifuged and 
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Calculation  




















Chl-a (μg/L) = ((11.85 x kor E665 – 1.54 x kor E647 – 0.08 x kor E630) x V) / (P x I) 
 
V → Volume of ethanol (11.0 ml)  
P → Volume of the filtered water sample (L)  
l → Length of the cuvette (cm)  
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Appendix II – Biochemistry Protocols 
 
Protein and Carbohydrate Assays: 
 
1. Homogenise or sonify 1-2 mg dry tissue in 1000 µl H2O 
2. Take 500 µl and add to 250 µl cold 15% Trichloroacetic Acid (T.C.A) and 
shake 
3. Stand > 10 minutes (preferably overnight) at 4°C 
4. Centrifuge ~ 2000 g for 10 minutes  
 
For Protein Analysis;  
 
5. Take precipitate and make to 1 ml with distilled H2O 
6. Take a 50 µl aliquot and put in a 96 well plate 
7. Add 250 µl Reagent C (see below), mix vigorously, stand for 10 minutes at 
room temperature 
8. Add 25 µl 1N Folin Reagent, mix and stand for 3 hours at room temperature.  
9. Read at 750nm 
 
Lowry Reagents 
A) 2% w/v Na2CO3 in 0.1 N NaOH  
B) 0.5% w/v CuSO4 in 1% w/v KNaC4H4O6.4H2O 
            à Make fresh daily by mixing stocks 1:1 of 1% CuSO4 and 2% 
KNaC4H4O6.4H2O 
C) Make fresh daily by mixing 50 ml A + 1ml B 
 
Folin Reagent is usually purchased at 2 N, dilute to 1 N  
 
For Carbohydrate Analysis;  
 
5. Take 50 µl of supernatant and place in 96 well plate  
6. Quickly eject 150 µl concentrated H2SO4 into well 
7. Immediately put in 30 µl of 5% w/v Phenol  
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8. Incubate plate for 5 minutes at 90°C  
9. Cool plate at room temperature for 5 minutes 




1. Homogenise 10-50mg of tissue with 4mL of Chloroform: Methanol (1:1) in a 
glass tube  
2. Centrifuge for 5 minutes at 3000 rpm 
3. Take <1000 µl of the supernatant and put in a 96-well microplate  
4. Evaporate solvent at 90°C  
5. Add 100 µl H2SO4 and incubate at 90°C for 20 minutes  
6. Cool microplate to room temperature on ice water (~2 minutes) 
7. Read background absorbance at 540 nm  
8. Add 50 ml of vanillin- phosphoric acid reagent (0.2 mg vanillin per ml 17% 
phosphoric acid) and stand for 10 minutes to let the colour develop.  
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Lipid Assay Standard Curve.  
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